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PREFACE. 

> 

This volume, like the previous one, embodies the Lectr/es on the subjects 
dealt wij^h as given at the Uui»'crsity of (llasgow. It was intended to have 
complewd tho-;;iihjcot of tlic title of the hook, Design and Construction of 
Ships, in iwo volumes, hut the rapid growth of vuatcrial which should be 
uijluded ill the subject and the decline of available time to devote to such 
work have^ together delayed the completion of it, and have made it 
desirable at this stage to publish a second volume. TIio parts of the subject 
included in this volunic arc Stability, Resistance, Propulsion, and OscillationB 
of Ships. ' 

In shijx forms the determination of Stability is usually made by methods 
of calculations similar to those explained fully in Volume I. To these methods 
many per80i?s have contributed, hut probably few will be disposed to grudge 
to the late Mr,F. K. Barnes the honour of having laid securely the founda^ 
Sir William White, SiP Philip Watts, and others have built 
up our very complete mastery of this subject. The methods at pr^ent used 
are very different to those used by Mr Barnes and his coadjutors. The intro¬ 
duction of the planimetor, the integrator, and the integraph, calculating 
ludtrurpents invented by Arnsjer and Qoradi, has broadened our grasp of 
this subject by niaking eiisy the cajeufations upon which Sir WiUiam White 
and Sir Philip Watts a’l-J ot'icrs in Jheir early days spent many weary houns. 
These instruments hr.we ms<de it possiblr to uave stability calculations made 
by a much less highly skilled class of calculators. Thaauthor remembers with 
much pleasure the ease with which, at Clydebank, Mr Archibald-Campbell, now 
at Ferrol, ^r Jonn Paterson, Naval Architect to Messrs John Brown & Co., 
agd M* A. W, Stewart, Electrical Engirtcer, and others, t^en lads fresh 
from Sfihook used Amsler's integrator wheh it was fir|t applied- to stability 
calculations. 

The purely geometrical side of the study of stability, that side whldi 
is connoted with ^/wore»w,"and not with actual values^ ow^ its exist^OO’^ 
almost yCompletely to the French writer Dupin, Extensions of gemnetey 
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of stability, ^re been made from time to time by»other writers.* Methods 
of^proof ‘ 6t' Dflpin’^propoaitions and the later extensions are here given. 

in tnany cases from the original proofs, beo|use (the yieth^^ 
seemed to th^author better suited "to the purpose of the studenK Tq^he 
methods of obtaining actual velites th(k author has devoted considerable 
attention, with a view to producing simple processes which can 4)e used by 
operators of small experience, aftd with much less labour than* the older 
processes. • 

The work on Uesistance and I’rdjuilsion cannot fail to be largely an 
adaptation of t}i5»vublished work of tbrf.e who have been fortunate enough 
to have the use of raperimental Unks, from which alone such results can be 

obtained. The work of the lato Mr Win. Fronde and his son Dr 11. Bi Fronds 

• • ^ 

has been largely laid under contribution. Some of tlie ada])Uitious^avc been 
made by following the ofigiual closely, rather J^han by nufdcing changes pi 
doubtful advantage to the student. 'I'his has the advantage of occasioning 
less frequent reforeuees to the original text of these Writers,an.h^Vantage 
which it is hoped will be of value to students, as the size, cost, and iTlaccess':' 
bility of the volunws of the 'I’ransactions in which the work originally 
appeared are considcnable. The work of Mr D. W. Taylor of t,he 'Xmerican 
Navy, read before the American Society of Naval Architects, has Itrgoly been 
used in a simil.ar way, but since this volume has been in type a valuable 
collection of his work lias been jmblished. I’rofessor Sadler’s work in the 
Univemity of Michigan on Resistance bf full forms (road Mso before the 
American Society of Naval Architects), and that of others, bas''oeen alsw 
gk'en. Messrs Denny of Duinharton have from time to time given the autlgjr 
information as to the Uesistance of s|)ecilie forms, and in some cases the 
information is embodied in Chapter .XIV. in diagrams, giving for each of a 
series of speeds the H.P. required to<irive any required displaccnieut. < 

Propulsion has, by tlie graiJWal incieaso'of revelutious of engines, become 
oue of the most importSnt si ;ts in snip Construction. TJie experimental 
work in connection with the determilmtion of Uesistaficeiias been in advance 


of that of lust forty years, but now theyVre nearer than 

ever to being abreast of each other. This is due to the work of Dr R. E. 
Fronde and Air D. W. Taylor, and to Messrs Denny, whose workhs none the 
less rea' and tlduable though it^cannot be exactly appraised, as much pS-ii 
has not been publishes. 

The work «gi Osfiifiations <of bliips'is in the Toast fully rurvclopecl state 01 
the four divisions of this volume. The leork of thoOclder Fr«ud<» has. had 
little of val^-Padded to it since his time. The epoch-making djscowery that 
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navies. lUie extreme cases with which ho dealt are all thatjia 



They are, first, where the periods of the wave 
\e' equal, in which case excessive rollinj{ takes place. Second, 
shito period is inuefinitely great compaj-od with that of t4ie'\.ave, in which 
case the ship remains practically upright. Third, where the ship’s period is 
indefinitely small compared with that of the wave, in which case the ship’s 
mast follows the Wave normal. The second nmd third arc unreal oases, and 
the first Js very unusual. The iuterme^Vite conditions l^wO not been in¬ 
vestigated tluoretically, though at sea_/iiany of them'iiavo been practically 
experienced in all kinds of ships. ' ’ 

To Mr A. Cannon, Assisliint in the Naval Architcclure Department of 
this University, the author Is indebted for assistance in the eolloction and 
correction of the L_cot\ires on which a considerable part of this volume is 
based, ana for the correction of the proofs, and for some valuable 
sugj'estioni*' 

Kegrets arc ofierC' to those who may have been good enough to have 
ernected that this volume would have been issued sooner, and that it would 
have completed the work on this subject. 

’ The W!,rk on Design has proved to bo much more volundnous than was 
expected. It is an elusive subject. Types of ships vary from year to year. 
The kind of kuowdedge accumulated and stored in the firat two of these 
volumes is increasing rapidly, but its application to Design not only causes 
additions to our ,knowlcdge, but produces changes of type of ships and im- 
provpjucrb' in results which make the wisdom of a few yeais ago the folly 
of to-day. Much less help can be given by others to the student in matters 
of Design than in other parts of the subject. Ho Kin only become a oon^ 
potent designer by making designs; and while theories and data can be given 
to 'aim, their application can oijly bo big own work. An attiimpt, however, 
will be made in the next volume,, to j)ut suiue information and examples 
before the student to which uc may refer fo” assista.tce at present, but to 
which in the future ' e will probably lo.,,£ back with’ the same reverent or 
irreverent feolin^k as we look back upon the work o| c.'^..,pyeftec 9 SSors. 

To those lleviowers who noticed the first volume the Auth6r is grateful 
for the uniformly kind, W'ay in which it was received. 

; JOHN HABVa!RD BliES. 


Marih 1911. 
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DESIGN AND CONSTEUCHON 
OE. SHIPS. 


PART IV. 

STABILITY. 


CHAPTER 1. 

RIGHTING* ARMS AND MOMENTS. 

• - 

In Part 11. Vol. 1. tlie nietliods ol finding volniiies and centres of gravity of 
solid^ave been discussed. In this chapter it is proposed to consider tnlly 
the action of the forces ,npon a ship wlien at rest in stiil water, and when 
slightly disturbed from this position of rest to another position. 

rff“fig. 1, suppose H to be the centre of gTivity of the volume of water V 
displaced by the ship SSS (called the centre of .buoyancy, or (I.B.), and 
suppose (} to be the centre of of th? wdiole of the lijaterial in‘t\e ship 

(called the C.tl.). At rest, t?le weight ni^y be con jidered as concentrated at 
G, and the buoyancy or iW^fjortiiig force af'fi. The rfelght and buoyancy 
forces are equal and^ppositc, and act vertically in the same line. 

Suppose that some force K, whose point of application ■';.,tj,jncliiieB the 
vessel until she is again at rest in the position shown by the dotted 
section S'S'S'.o » , v 

The point G will move to G', the same position relatively to the structure 
»s beftl%j,and the volume displaued will prdbibly he of a differtat form lo 
that in the.upright positjon. •< 

If the “force F displacing 1*^; ship from its upright {tosition ofc rest be 
acting in some direction, say A 4,,other than horizontal or verticol, we may 
re#olve it by the ^rallelogiam of forces, into horizontal and vertical components 
Fh and Fy respectively, acting iU I) b and C 4. The \crtical component wiU 
cause an injfhease of volume of water displaced equal in weight to this vertical 
TOL n„ ’ 
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co^po'^^t. The centre of gravity of this incrSase of volume m^y nht ftotf'in 
" the samd vertical lino as the vertical component of the applied force. ( 

. -Jf WL,he the position of the waterline in the vessel when she is utp’ight, 
^nd VP L* be" the jX)sition of this same line when th(j vessel is inclipod, and 
Wjti] be the water surface in both conditions, we may 'cut off ti;oWthe ship 
S' S' S' a /olume below W, ciiual tc^tho increase of volume which the yertierf 
component h'v causes to be displaced. The horizontal component Fh will tend 
to move the vessel bodily to the right, and must be resisted by some force 
K in order that there shall be eipnhlirium. If this force H be resolvable 
into verticai<.,"d horizontal components llv and lin respectivelj’, the former 
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must he treated in the same way as the vi'itieal eounionont of-the applied 
force., LelW.li ho the waterline parallel to W, 1., which the resultant ol 
Fv and Kv cuts off in volunie. If its centre of gravity is at // we shall have ii 
couple formed by the force Fv and the leverage ;/// and R... with leveragt 
i/h^ tending to overset the vei sel. 

^ The focee ll|, must he etpif 1 to F,, or the vessel will move Wb'^. Th|) 
force R|, will focm a couple with F,i. Us iiionicnt will, he F,,/!. The weiglp 
of the sjup will net downward tlwough (!', and the buoyancy, equal ip amoun 
to the orjginal buoyancy in the upright condition, will act upwards througl 
B,, the centre of gravity of the volume beloft tin line W., U, which volunn 
is the same as that in. the upright eouditio... These two forces, the weigh 
and .biioyaney, form a couple \V. G’ Z ; W being the weight of tin ship. . 









BIQHTmO ASMS AND %ftMENTS. 

^ If- the point B, is to the r^ht of (ij the couple tends to bring %e ship 
)aol to the upright, and vice tiered. Wo liavc thus the following oonplue in' 
.he fl^re as' dra^wl. . ' 

1. An upsetting cgtiplc duo to Fy and Uy and tlio buoyancy of tlie layer, '. 

2. ,, „ F„an|l = 

3. A righting couple „ W =Wx(i'Z. 

f there jr', enuifibriiiui, the algebraii^ sum of theig.' must bo —- zero. 

The case may b ■ simplified by assuming that both the applied force F 
md the rcsisliug foiC(^ It act horizontally and arc oi|nal, ai consequence, 
he volume of displacement remains nnchi' .iged. For eqnilibruim, tho value 
iV. GZ must equal ilm moment b. /> of the inclining force. Thi.f value varies 





with the iinglc. of inclination, aflh when hnown fCr all aisles it is" ^vssible 
to determine the angle at wfiiel^ci|nilib)jinm will »xist for a known inclining 
moment. With .a fixed jxwflton of (i the profllem bccoiBcs one of finding the 
position of I’>j for a* given inclination. This would be e:isily done were the 
volume of displacement at a given angle dctermnied. ,Wc ki..:'-.ji 4 ’!}nt ifought 
to be, viz. the sanu' flbi the upright position, but to know exactly whore the 
waterline is that wiflTnt„ott; at :i given inclin^fui, a given displacement, is 
not so easy. # Turning to iig. 2, supj)Ose W1^ aid W, L, to be the positionsjn 
the bdB^of such a waterline in the upright and inclined jmsitiei*, the angle 
»f inclination Being ^.» The volume W K^l, = W, K L, - V the volume of 
iisplaccBient. W, K L is comt«.ii to W KJ, and W^K J.,, so that • 

‘ WFW, = V-W,KI, 

=^LiFJ, 

■=», say. 
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V is the volume of the wedge of emersion ir submersion, «nd thereftre 
the wedge of emersion W F W, is equal to the wedge of submersion L f Lj. 

If B, is the centre of buoyancy of the volume AV, K Lj, tl^n V. GZ niill be 
the' moment of the buoyancy causing the vessel to eeturn to the upright. 
This (juantity V. G Z is expressed in units of weight, eaA equal t» the weight 
of a unit tf volume. This njoment ic called the righting moment, and is the 
measure of what is known as the stability of the vessel at the particular angle 
of inclination 6. •' 

If the .v^sHid be of sucfi a form that all waterlines cutting off equal 
volunies pass''.'..;''jugh the jioint (), it will be easy to find the exact form and 
position of the centre of gravity' of a voiunie of the solid which has constant 
displacement' V. Hut generally this is not so. 'J'he waterline W., Lj cuts off 
from the nprignt solid a wedge \V ()'AVj = say i;,, and adds a wedge 1.0L.,= 
say The volume W, K L, then eijnids V -e, + 'in, and this is (as drawn) 
in excess of V by the layer U'., W, b, I!j - say A.K (where A is the area^of 
the waterline AA', 1,., and K ^ O 0|). ,, ' 

Hence A' - e, + e, = V + A.K i , 

1'.^- = A.K. 

Hence the volume of th(‘ layer A\’., AA', Ij, (know'.i as the correcting lay'er) 
is equal to the difference of the wedges c.^ and I’j. If we know^this volume 
A. K and find A, w'e can find K, which will enable us to determine the true 
position of AA', b,. It is evident that wo may find the volumes and and 
the value A by the methods of previous chapters. . 

Had been greater than i<.„ AA', b, would have been abbmJlA'j, b., instead j 
of below it. 

W'e c.an also bud the position of 1!,. Sup]iose, in fig. 3, g, and to be the 
centres of gravity of the wedges a, and v.^ resixictively. .loin g, g., and drop 
perpendiculars g,/q and upon AV.^ b.>. Take moments of volume about 
the line O H drawn perpendieujarly to AA'^ b^. I! I‘ is horizontal and perpen¬ 
dicular to OH. 

Starting with the volume A' and moment A’. B I’ we first take off Cj with 
the moment r>|0/q, then aild iq with moment v,.OIi.,, and finally take off 
AA'o AA'i b| bo with momentfiq - r,) Or, c being the foqt of perpendicular let fall “ 
from 0 the centre of gravity of the correcting layer upon AA',, b.,. The result 
of these changes is to leave us w.Hh the volume A' (= AA', K b,) and its moment 
aliout OH, viz. AM‘K. , Kxpressod as an equation, treating moments which 
turn c , the haiK|s of a watch a.s positi; ., and reductions of volumes as 
negative, we hav(‘, j , 

AHH’- C|0//, - e,o/ij - (e, t>|)0('= - A'l’l;. . 

, V(Bl>-tlMl)VBl’i-iy,//,4 *(>'_,-a,)()(,■■ . . . (1) 

Taking moments about B 11, 

A'(l!,U) = C|(g,/q 4Uf’) - i',.(OI’ -g//j) 4 (. _, - i>|y(OH'- (>,) 
u 1, ”+ VfA'~ ■*Cc(ie,- iTy) (2^4“ 

* Tliis sign will' be i if the excess of vohnuc of one wet]ge<oWr the Other belongs to tb* 
)p{)osito side to‘winch the C.(». of correcting layei^iVtin relation to 0?. It'ift>genera]ly 
•eiiiemberedJkV the expressbih “like sides give negative.” This niwna that if the volume 
,8 a subniergea excess with the C.(l. of the connudiiiig layji on the submerged side of the 
3P the sign will be negative. Similarly, an ^!mergt‘^l excess on the emerged’'side will‘''be 
The other two combinations will give a positive sign. 

1 'Tliis sign is always negative. 
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^ence wernisy at once finl the position ot 15 laterally and’vertically if wo 
kinfiv the j)ositions of y, and (j., and the volumes w, and e.,. 

Tftl=l!N + NK = B(! sin 6 + V,'/. 
sin d = 

V.BU-V,B(! sinfl-V.kiZ 

»y)/(i +v.,<i!i, i-(iK V.IM! siti 0 = V.(!Z. 

•* 

To find the ))osition of B, vertically we haveesiniilarly 
* - (?y - i’|)(V - Vl>|l!. 

A particulai case of this e()iiiition for V. <i Z is known as Atv^ood’s formula. 




V.BK = v(o/i| + oh.,) — v.hfi.. 



then 

V.liZ = v./i,/i.-V“B(lwne* . 

• (3) 

or 

tfZ- BG sin^ . 


• (i) 

• 

wind • 

,B,lt = ^(y,A,+yA)- 

• • 

• . 

• (5) 


B M from Atwood’s Formula. Suppose* 8 to he smalC and the 
%prtical tJirougUB to iiAwseSt tfie vertical through Bj in the point M (fig. 4). 

^ # 

l}Z = (i!M sin d = ^AjA 2 -B<J sin 6 from (4). 
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Suppose 0 W or 0 L represents y, the lialf ordinate of the load waterliife. J , 
For a small •ingle, the area of the small triangle LOLj is represefited 
by i y'^ 6: If wo suppose this triangle to have a small thickness (to in a 
dirdction perpendicular to the paper, we may expretj the volipne of the , 
wedge by t ‘ ‘ ‘ 

the limits for s ijuiiig from r/ro, up to I,, the length of the waterplahe. 



The moment of this eld ,ienl of volume alput t is J.y-.f x jy = \y^6, and the 

moraciit of the tvaiisferenee of the wedge (> is v.h.h.,-^ / h/^.d.de. 

^ 0 

lUmce i\>-, .Ti.iy write t!M sm d- ■" j i/^.d.e - Hti. sin 6. 

If d is small, sin 0 = d 'v, 

and (lit = .^'^1 //^.(Ir-lUJ 

* ■ " 0 




;!V 


I 

J "i| 


‘.d.r. 


Tlip point M is known in shipshape forms as the metacentre. It has 
been Iblly defined in Chapter l.X , ]“art 11. 





SIGHTnjG AEMS AND jAmBNTS. 

i 

5 j y®* 

This expression is BM = -' • 

We Havh seen that this expression | j ?/'.(/.>• is the forni of expression for 

the moment of inertia al)oiit 0 X of an area in tfte plane X Y and symmetrical 
about the 0 X^xis. 

Now’the axis of 0 X is in the direction of tiic length of the form, that is, 
it is perpemlicidar to the plane of the paper, and the y ordjnates are the 

ordinates like OL. Therefore j j is the moment of inertia of the whole 
waterplano WOL about an axis through 0 iu the direction 0*1 the length. 

Calling .ii|^ 

.we haw liM *. 

■i, « Y 

»”tf wp obtifiu a seiies ol valuds of (1 7, for a series (*f angles of inclination 
and a given displaeemenl^wo may set oil' the results in agraphic form thus :— 



Kig. 5. 

This curve is known as a Curve of Righting Arms, or more commonly a 
CnTve of Statical Stability. W(!^may calk it a curve of (iZ’s for constant 
displacometit and constant position of C, and for varying angle of heel. 

Suppose we have three axe.-: yit right,angles f) each Ijther, as represented 
in fig. 6. Suppo8c*at eacluvaljje of V fpr which Te have curve of stability 
(with a constant positiontti'-(J) wc set up th? curve of statical stability. It is 
bvident that it is /inly necessary to have a series of curves for a sufficiently 
large number of values of V to make a surface of statical stability. If we 
cut this surface by a plane parallel to the plane through Z(/Y such as in 
Pj 1*2 Pg, the A'.irv® I’j I’jPj will be one of (J ZVfor varying displacements and 
constant a»gle of heel (measured by 0 h). /f by an independent process of 
calcil&lion we could obtain a scries of curves buch as P, Pj P, w^could obtain 
the eamo.8urf!!be of statical stability as that obtained by tjie series of curves 
of staMcil stability (or curve? of (1 Z for ‘constant displacenvent ayd varying 
angle of heel). Ssch curves as,Pj Pj P^ arc called Tjross Curves (jf Stability.. 

• The difference bettt*etn a curve of stability and a cross curve of stability 
is that the former is a curve ({ jI'h for constant •displacement and varying 
inclinatiojt, while* the latter is for varying displacement and constautVnclina- 
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tion. Ill tlio s'lirface above dealt with it is assumed that (J k unchanged 
ill position. «. ^ 

For each position of (J there will be a separate surface ot statical stability^ 



.Suppose we liave a hnown Form of ship at a eivcn inclination, and find 
tor a waterline W, I., (fig. 7) the volume of displacement V and the position 



of C.K, say B„ by any of the methods described in 'an earlier chapter. It 
is evident that we have only to find V„ and lij' V, and Bj, etc. for other water- 
lines Lj, Wj Bj, etc. in order to be able to obtain a curve Bj Bj '^in which 
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can detarmine such a curve as 1’, Pj Pj (fig. 6). If we find a series of such 
cAves for a scries of angles of inclination, we can completely determine the 
surface of statical stability for a known position of the C.G. of the ship. For 
every position of th» C.G. there will be a separate surface of stability, but 
they wHl^ll he foun?led on the positions of the C.B.’s for the diffemit volumes 
and angles of inclination. Hence iwis desiruJde to find the iWi.’s for all 
volumes and all angles of inclination, and tlien surfaces of statical stability can 
he found for'deterniined positions of G. 



10 


THE BK8IGN aSd CWNSTKUCTIW OF SHIPS, 

If the vessel is symmetrical about the midship section, i.e. if ii is doubll- 
ended and the veswl be inclined about a fore and aft axis, fixed only in direc- 
tioo, the centre pf buoyancy for all transverse inclinations will Ita in the midship • 
secti(Jn, but if the ends arc not symmetrical, there ni»^ be a tendency to 
change trim.when the vessel is infclined. The verticals*through DfieSjontres 
of huoyauejit corresponding to* two con*wimtiv(' positions may not intersect, 
but they will be in vertical planes peri)endicnliir to the axis of inclination, i.e. 
parallel to the plane of incliijjition. The intersection of the •frojoc^ion of 
these two lines in a transverse vertical plane may he called the metacentre, 
and the locus jioinl is (vdled the Metaccutric- Evointe (fig. ill. Mj, the 

intersection on the plane of tin; pajtor (parallel to the plane of inclination) 
of the projectirn of the verticals through I!, and (fig. 8), is a point on the 
raetaccntric evoliite. v 

For transverse inclinations it involves generally only an inappreciable 
quantity if we consider these verli<'als tS lie'in the midship section and^fu 
intoreoct at a j)oint M. Its amount is small, hecause ui.most forms the 
departure from symmetry ahoiit the mid section is simjl.jf 

Later we shall .see tJiat the tium n]eta\'ol js suggested for the locus of the ■ 
intersection of verticals (or their projecf.ions) through the centre,s'of hiipyaneyt 
In fig. 8 draw perpendiculars from the points ?, and (1 on the verticals 
through B[ and li,. 


l,ct 

K,M| ^ 11 


l!,U^: 



The angle 

K,BI!....</ft 

Now' 
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Again, 

= rftfj 

z.dO --({{/' 


//’- jzj 

Henc(i 

ir=-. p 

• 


(/e. 


ht.dS.dH. 


If we have a eureo;>f li,, M|’s«or values of in ,‘,erms of $ we can get the 
curves of I! I!, and 1!| K, by integration. Integrating once wc get the curve, 
of values of • values of UK,. Integrating this curve get the curve of 
values of w or Vfducs of B, K,. These throe curves arc shown in fig. 10. 

We have seen that 




+ equation (.I), p. 5. 


But : = BK, = o.t , . 

• r ' * 
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^ Djniaslical Stability. —The work done in incliniiig a vessel t&rough 
an angle d6 is W.GZ.ciS, and therefore the total work (teno in inclining a 

vessel from ig W GZ rfd. ' . ' 

ThS (i^namical stability of a vessel at finy angle is defined t() be the work , 
done in inclining the vessel from #iie nprijtht position (in vliioh she is 
assumed to be in statical ciiiiililjrinnj) through that angle. The expression 
•• 1 $ 

for thb dynamical stability is therefont \V I >(1Z (W, wlicre 0 is the angle 
through n’hich the vessel h .s been inclined. 
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The dvnamical stability = W j (IZ.dd • 

. ^ tv f (Ulv, - IK! si, I 6) <16 (-kcc fig. H) ' 

J " * (. ^ ^ 

= wj " mil <w - w J* IK i. sin e.<ie 

--.W.B,Ui-W.BG(-cosd + l} 

= \V(B|U, + BG.^&se-BG) 

= W(BjZi-I?G)! 

Herfce the dynamical stability is = IY(^iZ| - BG). ' • • 

The expression (B,Zi-^(l.' is called the llynamical Arm, aijd is generally 
• written h, so Jliat the’dynamical stability is represented by AV h. 

Il method of showing directly that this is the Work done in inclining the 
vessel isf’as follo’ws (See tig. 3, p. 5):— 


liceii* separated 


the design a^d construction of ships. 

OG 18 distance of C.G. above or below tlie walorplane W L in tfie uprigl/t 
• condition. » 

Sir ” • file walerplanc W L in the upright condition. 

„ t..G. above or below the watorpkne W, L, in the 

^ inclined condition. * /. 

I C.B. beJpw the.waterplanc VV, L, in the inclined 

,. . . condition. 

Original d^ltance between G and B= BO + OG = BG 

h mid distance „ (* ,, H^ji s + sZ = B,Z. 

di,-l ' 'iinO-cs of force liavi 

during the inclination of the vessel ^(B Zs^BG) 

Here, sincalijZ is > BG, the (li.stancc =(B,Z - BG). 

.’. "ork done in inclining-- W(B.Z|- BG). (Bin H) 

And (B Z - BG) i.s the (piantity previously denoted by // 

J.e. work done during inclination = M'h - ^ 

DynamlSl”cS"rtr"Ti Stability ^nd tlT^ 

^ynamicai Curve. -Ihe statical curve i.s a curve of vdnev of (’ 7 5 

the dynamical curve is;i curve of values of ^ ^ *’ 

We have seen that wj(iZ.(ld= W//. 



OllAl’TER II. 

STABILITY OF FLOATING BODIES GENERALLY. 

S'this or3n;it«r will lie investif'ated (lie staliilities of bodies in goiicml, that is, 
of any foi ni. 

It has been seen that t! e displacement of a bodj is e(inal to its weight, 
•fciia on the icssunipticn that the’ weight is constmit and that the C. G. can be 
suitabfy shifted, the b'>d'> will iloat in isjiiilibrimn in many positions. In 
othei' woids,.foi' ('very plane cutting off I'vom the body a volume of the liquid 
di^laced wIjosl weight is equal to the weight of the body, w<! have a possible 
plrnk' of flotation. For each volume so cut off there will be a centre of 
buoyancy. 

If we imiigino a body to be slowly rotated about an axis through its C.G. 
and fixed in (fiireetion, but free to move vertically, tiie body will adjust itself 
vertically so that the weight of the displaced fluid will be eq\ial to the weight 
of the body .at every point of the revolution. Hence we shall have an in¬ 
definite number of planes in the body which can be |)laues of flotation cutting 
off constant volume. Each vohinie ca;’res))onding to a plaiK; of flotation will 
li#ve a centre of buoyancy. 

When the revolution is l■olnpleted, the centre of buoyancy will coincide 
with, that at the beginning of the revolution. 

The whole serie.s I'f centres of buoyancy which have coi-responded to the 
series of constant voliimes submerged during the complete revolution will 
ffn-m a curve beginning and ending at Hie centre, of buoyancy in the first 
position. In other words, it will be a closed curve. 

If we now rotate the b( 'v about aiiotho''axis fixed in diceetion, but 
otherwise free, as in the fornier ea.se, we shall Mitain aiiother closed’curve of 
centres of buoyancy which will be diffcwonl to the formbr one if the direction 
■ of the axis of rojation be different. We may tidfc an indefinite number of 
axes, all having different directions ; in fact we may start with an axio pointing 
to the north, and take every jioint of the compass lletwecn north and south for 
the directiouiof tlic axis, and to every direetir/.'of axis there will correspond 
a closed curve of centres of buoyancy, Tlit'se obviously will, if taken closely 
enotij^i, form a closed surface, which may ne called a surface_,of buoyancy. 
Hence ^surface of buoyancy of a body may be defim'd a-Sjthe loci of centres 
of gravity of constant volume cut off ffom the form. 'We may, for con¬ 
venience, call this surface of centres of ■’buoyancy the isovol surface, that is, 
, the surface fon constane--volume and varying inclination. 

buppose the chosen axis ’’through the centre of gravity to remain fixed in 
directioitjonly; as before. Also suppose the whole volume of the bfjly to be 

13 ' ’ 
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unchanged, but its weight to be changed gradually from nothing to % 
weight of its wtuiJe volume of the liquid in which it is immersed. In otlfo 
words, let the body he at first without weight, just touching % water surface, . 
and he gradually increased in weight until it is just coinpletely submerged, 
change of iHMition taking place only in a vertical flirecticti. To eadi .volume 
submerged acre will correspojid a cent.rc of Imoj.aney ; aud if the volumes 
cut off bo ■Uiken closely enough together, these centres "of buoyancy will form 
a curve, beginning at the tangent plane of the point of uo iMmorsion and 
ending at the centre of buoylLUcy of the witole solid. This curve may be 
called an »Wfa(r,^and may be defined as the locus of centres of buoyancy 
corresponding to.volnmes cut off at planes perpendicular to a fixed line in the 
body. 

bupiaise there is a datum line in the body passing through the centre of 
gravity of the whole voluiiK!, and mak.'ig a known .angh! with the assumed 
vertical alrciidy referred to. We may Isive vn indefinite number of lines.' 
each of wliich may be a vertical making the same known anele with hire datAmtl 
line, and loi each of these verticals we may have an is.)cliijc. Those isocline ^ 
curves will form a surface which may be called an Isiadine Sfirfacc of Buoyancy 
for the known angle. There may he an indtlinite number of angles, to each 
of which would eorresjjond an isocline surface, and tljnse surfaces in all would 
make an isocline solid which will eorresjiond to the solid fo.'-mcd by the 
enveloping surface of the body. • • * 

Similarly, for each volume cut off—from that <if no displacement tcfThe 
whole dis])laceinent of the body theri‘ w ill (‘orres]K)nd an isovol surface. ^I’hese 
will form a soli.l, which could be called an isovol .solid, lint Ihafit is the same 
as the isocline solid an.l the enveloping snrfa.'e of the IkkI^ The isovol 
siirfaco corresponding to no disiilaeement will he the enveloping surface of ' 
the body, or the, surface which all the tangent planes to the body which do 
not cut it would form. 

Let ns first consider some of the jiiiqierties of the isovol snface of buoyancy, 
the isoclines and other curves. ‘ 

Ist. It has bi'en seen that the ixornl in n Haml siir/air. and must lie within 
the limits of the enveloping surface of the hodv. 

:Jnd. 77it; timi/fut jihiif at aiii/ /i<iiitl <>1 the ixund U imniUel ti> Ike water- 
plam corres.iwniliu;i to thii iniiil. I'br, tin' direelion' in which, for a small 
inclination, the centre of buoyanc^^ changes, has beim shown to lie parallel*LO 
the straight line joining the centres of gravity of the wedges of ^nncrgence 
and submei'sion. W Imu theVigh' is hidgtmitij^ small, this latter line coincides 
with till waterplaiK*, and tlf' fonmn- line with tlu^direetiivi of the tangent. 

As this is true of inl .directions «of inclination, a diange of direction of the 
centre of buoyancy lakes ]daco along the tangent line parallel to the water-. 
plane, and thendbre in a tangent plane i>arallel to the watcrplane. Hence 
all points indefinitely clos5 to the original centre of buoyancy are in the same 
plane with it, and that plane twjiich is a tangent, plain; is^pavillcUo the water- 
plane. A ' ^ 

8rd. It hfis no re-eutcrin,/ p,Jt*.' If any part of the surface had re-ei««ring 
parts, a tangent plane in some point of the part woul<l .ut tlw surface, but 
it can he ^howm tliat a tangent \,o an isovol surface can never *ctt the 
surface. ^ ‘ ^ 

We have already seen that a change of waferpiuhe caussd by violining. 
the body through a small .angle (displaceihent leimaining constant) is eij'uiva- 
lent to4aking a wedge of volume from the emerged side 4e/6i». th^^l^erliOS; 
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a;^ placing a wedge of the* same volume on the submerged side ahovi the 
waterline. This necessarily causes a rise in the centre of buoyancy relatively 
to the waterplai^e. 

As the waterplam^ is parallel to the tangent plane the centre of buoyancy 
ivill al\\tay8 move roiatively to it in the direction of the waterplane, and, 
therefore, its curvature will ahv.iys l^e towards the waterplainl, and away 
from the tangent plane. Hence the surface eiui*ncver have a re-entering j>art, 
and a tangentipl.ane cannot cut it. 

Thi's can also be seen as follows :— s 

If the isovol surface has a re-entrant part, then .some tangent plane at Bj 
parallel to a plane of flotation iiuist cut it, and, in the vicinity of the tangent 
plane B,, the adjacent centres of buoyancy would iiiove aw.ay.from the plane 
parallel to the waterjilane, which is impossible. Further, ttiere would be 
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another tairgent plane at I’o parallel to the same watcrjil.ane as that corre¬ 
sponding to I! , and we should have a solid with three po.sttions of centres of 
buoyancy, which is inipossilile. 

4th. Fw I'wri/ imi’ol there ix <i eoiii/'leuienldrit isovol siiiiihir hi form., Init 
with coiTes/ioiii/iiii/ riiilii at ISO" from eneh other. The |)olc of similarity is 
the centre of volume of the whole .solid. 

If V be the volume of displaccmcut .-'ud B its centre of buoyancy, the 
vtWunie V of the remainder of the solid and the position of h will be related 
to each other by 

c./dl V.BH, 

wtere II is the centre of volume of the, whole solid. Since B and h are 
points on,the isovols of V and c volume’their loci will bo similar, since 

AH = ' BH and - is constant, -^'he radius All is 180° to BIT. 

V v J ) 

The limiting isovol.-i are(xj the enveloping surfaiy ,j)f the body, (2) the 
point H; so that the coinplcinentary isovols which approach very near to 
the total volume of the body and to no volume. ap\iroach very near to the 
point H and to the enveloping surface of the bod_,’ resjiectivflly. T)ie point 
H in the limit has the same shape as the enve'aping surface, but with all its 
corresponding radii at 180°. c 

bth. li'br the same angle of inclination, the tangents to the isovojg at 
the centre ofilmoyaucv for the same solid and angle of iuclimition will all 
have |h* same inclination, as they are paeallel to the warprlines of the same 
inclination. Hence all tangents to isovols along* an isocline arc |)arallol to 
each other. ■ lyg. ■12cshows a‘set of isovols and isoclines for A sbipshaped . 
fornv. ^he isovols are for uniformly varying percentages of the total volume 
of the solid. J'he isoclines are for uniformly varying angles of inclim^ion. 
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Curve of Flotation. —To eaoh constant volume of displacejnent thye 
will be a wate^plane. Consecutive waterplanes intersect in their centra 
of gravity. • The locus of centre of gravity of watcrplane for constant volume 
for a given direction of inclination is called a Curve of flotation. 

Surface of Flotation, or Flotavol. —If the dii%ction of fturfination 
be varied ipfinitoly a series ,of curvc^i of flotation will bo formed, which 
together will form .a Surface of Flotation for constant volume of displace¬ 
ment. This surface will be the locus of all centres of gravity «if waterplane 
cutting off constant volume. * 

6th. The tfitigents to the isocline will all pa.ss through the point of the 
curve of flotation wliieh corresponds to the centre of Imoyanoy, which is the 
touching ])oiut of the tangent, because each addition to the volume of 
displacement for coustaut angle of iigdination is made by a small addition 
of volume at the waterline formed I'p a parallel layer whose centre of 



gravity is in the limit .at that of tfie waterplane, and is therefore n point on 
the curve of flotation \ ^ 

For*each watertine of l-onstant inclination there will he a centre of 
gravity of anai whivli^will he a imint hn the curve of flotation for one par¬ 
ticular volume and inclination. Roucc there will be a ciyve of flotation of. 
constant inclin.ation and varying volume, which may bo called a Flotaeline.* 
One end of tl'is curve \t>ll coincide with the end A of the corresiionding 
isocline (at the angle d), whieb is normal to the midship ^scctipn; the other 
end B will coincide w ith the corresponding end of the isocline at the angle 
ff+jT. This^is shown in fig. l.T ' .aa ■ 

This curve will bo such that from any point, t'f it, uf a straight 
line be drawn .tul the corresponding O.B., this line will be a taaigent to 
the isocline. ' ' 

7tht Jlei'tce the fiotacline is a curite ofjmrsh'l io thevoiyesjionding iiocline ,, 

(A. 

* 11 JJlsy !» noticed that there is the same Hutachno for (S + v) and v, as for 9 
and V.,,#' 
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'i^ie proj«!tion of the intersection of consecutive normals to the isovol 
will form the curve known as the metacontric evoliite, which may perhaps be 
better called the Jfetavol. Such a curve is shown in fig. 9. . , 

If we consider the consecutive mctacciitres for varying volume and 
constant inclination, we shall see that there will be a curve of motacentres 
for constant inclitiation. This curve may be callofi a Mctaclino. • 

8th. A tan^eut to the jneiaeline will nlwat/e throiu/h the centre of 

nirvat'iir^of the cmTee/mnllm/ floldi'ol, because tliF I'bange in iwsition of the 
metacentre is.due to a small added volume at the corresponding waterline 
which acts for .a small incliuaiioii through the intersection of consecutive 
verticals through consecutive 0.(1. s of the waterplane, that is,.through the 
intersection of consecutive normals to the flot.axol. Hence the*tangcnt to 



the curve of metaclinos will pass thi'ongh the correapondine point on centre 
of curvature of the flotavol. * * « * « ’ . 

For constant incfiuation ^ind .varying* volijpie, the cur^-e of centres of 
curvature of the con.soeutivc flotavols will have its consecutive points on the 
tangents to corresponfiiug consecutive points on the metaolinc. This curve 
thus forms a curve of pursuit to the metacliue. Il^tnce w'e have the* two 
following statements :— ^ 

1. The flotaciineas a cuirve of jmrsuit to the Isocline. 

2. Tjie locus of the centre of curvature,of the flotaclines is a curve oj 

Juirsuit to the metacline. • 

Method of fibtairiirig Isoclines and I^ovols.^-Forajy form iswlines 
can be dnfwn at convenient angles, say 1.5^ 30°, 4.5s, 60°, etc., and*isovols 
are generally drawn wt uiiiforyi percentages of the total volume from 20% 
to-80% . ' • • * , , 

In Older to find the spots for an isocline, we hafe first to oonstnmt a 
stability body plati^ It is better to leave out erections (so that the tormmias. 

VOL. II., 
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have no serious discontinuities), for purposes of comparison of fo»ms inde^nd-. 
ently of the v^lriations in deck erections. A series of parallel waterplanes 
is then drawn at the required angle 0 for the isocline 
At each waterplane wo have to find— 

(1) jThe disjdacoment up to that waterline. 

(2) eTlie moment of the displftcement about an axis perpendicular to 

the waterplanes. 

(3) The moment of *the displacement about an a.Nis'parallel to the 

waterplanes. 

This is most*conveniently done by the integrator. If possible, for working 
the integratfji', the most suitable a.vis perpendicular to the waterline is taken 
through thd’keel. The axis jrirallel to the waterplane is taken at any con¬ 
venient distance from the body plaiA 

Positions for axes are as shown in\g. 14. K Kj is through the keel and 
is perpendicular to the waterplanes. 1. Ijj is outside the body plan-and 
is parallel to wa(.(!rplanes. ■ ' 

If we divide (2) by (1) we get the position of the ccivcre of buoyancy with 
reference to the axis K K|. 

If we divide (.‘1) by (1) we get the position of the centre of buoyancy with 
reference to the axis 1.1.,. ' 

The actu.al jiosition of C.B. can therefore be fixed, and,thus ji spot in the 
isocline obtained. 

Obtaining a series of these spots by making the above calculafions for 
each waterplane, we can get the isocline for all displaccments'for a constant 
angle of heel. ^ 

These operations for obtiiining an isocline can be performed in the 
following order:— 

(1) Draw a series of waterplanes at 6°. 

(2) do over all the sections with the in(<‘grator up to each waterline, 

the axes being fi.\ed i 

1st («) perpendicular to the waterlines as at K Kj. 

2nd (f<) parallel ., ., ., Db,. 

(.'!) Sot of! the readings of the area and moment wlu'cls for eaeljcscction 
on a base representing the length. (There are thus for each wl 
one curve of areas and two curves of moments.) 

(4) Kind the areas of (u) th? area curves, , 

1 '/>) the moment about K K, curves, 

(y) „ . *r, LL, 

(D) Apply th(j,scales of tln^integrator ai*,d drawing to get the true volume 
and the true moment. 

(6) Divide the moment results by the corresponding* volume results. 

(7) Set off the dist^pces thus obtained for each waterline with reference 
to the axes K K^and L L, and wc get the value.s of the ofifsetB of 
15, which enable us ^o place the spots foixthe isbcline. 

,, Jfoie. —This series of oj)eratmns can be simplified by firef spiming the, 
body plai. sections according to Tchcbychefl'’s Itulos, sjiy, for instance^' 
according to thj* three ordinate j-ule as used for disf.la'oemcn? table in Vol. I., 
oppositb page 82. Therlabour a* plotting the integrator readings for each' 
section is»theroby saved, ns the section spaced ,in J,his ir.anncr can be traced 
over in succession by the integrator, bcginijing at the keel and -eontinuihg, 
without stopping, to the end. It is only necesssiry to note the final leadipgs 
pf Uie area and moment wheels. There will be only one volume and tWO 
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mon^siit reaSings to record for oacli waterline, and we cajj now got the 
isocline by performing tlie operations (G) and (7) above described. 

To find the spot in an Isocline currespoudini) to a yiven Wate^plam ^— 
Let K K, and L L, be tlie two axes as before, and let I H lie tlie isocline 
obtained by setting olf the ordinates obtained as de.scribed aboye. On a 
base line OA as shown, parallel to K.IC|, set oHf as horizontal oixliuates the 
displacements yo lo each watcrplaiie. These form the curve OM. Thus 
at the waterline w I the di.splaeeinoiit is 'o tn. • 

Let 4, bw the position on the isocline of the centre of buoyancy corre¬ 
sponding to waterline wl, which is assnincd tube one for which tlie integrator 
readings have been taken. Set oH'along a m the distance ah fqnal to «j4j, 
the distance of 4, from OA. Doing this for all the waterplanes used for 
integrating we can get a new curve P*|, from which can be obtained at 
any woiterplaue the distance of tjie cifitrc of bnoyunev in the isocline from 
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4iie kine 0 A. By this means we can detennyie the spot giving the position 
of centre of laioyancy corresponding*to aui/ waterline [rarallel to IjL,. 

To determine the Isovol f urves.—The in.ove cqiistructiou jeads at 
once to the deteriniiiiition of the isovols. * I * • 

If we have a series of isoclines, and ki*)w the poiti); on each which 
^’corresponds to a chosen constant displacement which is a fixed percentage 
of the total bulk, we can draw a curve through those points. This curve will 
be the isovol for that displacement. It is convenieni, therefore, to fiucl first 
the W'atorliues giving certain percentages of dispjiaccuient, say from 20% up 
to 80%. Th^ is eaSIy done by dividing the ordinate A M (fig. 14) into these 
Percentage proportions. The vertical linesi through these points cut tlif 
' displacement cui'yes at the rerjuired waterlines, and the onlinatos oP the BBj 
curve at thpse waterlines ^ivc the distances oi»t from 0 A of tlje corresponding 
"positions 8f C.B. on the isocline. Doing Uiis for these percentages for the 
dij’erent angles of inc\innfi^n vac get spots on the isovol curves. • 

IsodineB are usually drawn ior t^c following angjes of inclination, 15”, 
30°, 4!r, 60°, 75°, and 90°. The isovols can then lie found by the above 
method at 20%, 40%, 50%, 60%, 70%, 80% of total volume. 
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?,t is sonjetimes better to make a combined diagram giving the curves 
for each angle of inclination. * 

■ For each aiij^e of inclination wo have three curves (fig. 15), giving 
respectively— ' * 

Displiiccincnt. 

(2) Curve of K N's* (Sec Hg. I(i.) 

(.1) Curve of () H’s. ( do. ) 

* 

The'value.s of these (displacement, K N', and y li) arc obtained for each 
waterline, anfl are set oft' in ten ,s of the waterline interval. • 

Having a scries of curves for the angles of inclination 9,, ft,, ftj, 6^, etc., 
we can draw the vertical lines at the rctpiired percentjiges of difl^lacemeut for 
whieh the isovols are required. 

VVhere these vertical lines cut i/ic di-splacemcnt curves, wo got the 
pos^iions of tlio waterlinos cuttiiTji ofi tho required volinncH, and wc also get 
the values {i K \ iinj II for these respective volumes. Tliese values fix the 
positions of the O'-ntre of li.ioyaiicy of constant volume in the isoclines, and 
hence give points throiifh '\i'{ch the isovol curve foi; each percentage of 
digplaLeiTv:?nt can be drav u. * 



CHAPTER III. 

DETERMINATION OF COORDINATES OF B FOR A 
GIVEN FORM FROM Aj, SIMILAR FORM OF DIF¬ 
FERENT DIMENSIONS. 


It is soiuetiinoii iiacftil to olitiiiii tlic loons ol liisilre of ■onoyjincy of ii known 
form of one s(!t of di'rncnsions from timt of.-a similar form of «lifferent dimen¬ 
sions. If all the m('.asuremenls deliniuo a form are altered in 'tho safne 
proportion the coordinates of the isintn's of bnoyanc}' will bo similarly altered, 
hnt if the length, breadth, and depth measurements are al'erl4 respectively 
in different proportions, the changes in the coordinates of the ccfjt.i’cs of 
bnoyancy an^ not so simple to determine. The following shuplo analysis 
enables us to obtain these ;— • 

Suppose we have a form whose ijriijcipal dimensions are }'B I), and a new 
form is evolved by altering all the length, breadth, and depth measurements 
respectively in proportioms such that f.j, I!,, and 1), are the new principal 
dimensions. 


The ratio of length dimcnsiipi a'jteration will be 


breadth 


For transverse inclinations tho variation in length will produce no effect 
on the locus of I!. ' \ , i. 

Lbt the breadtli and dljith be reprcsenti’d iiit section ms shown at A () and 
A, () (fig. 17). ll.ifV'rring thofn to ii.’iis ()/; () V, ().\ as shown, we sec that 
the coordinates of ii point I* in A 0 are— 
y the vertical height of P, 

; the horizontal disUmce from Y O .\, 

.r the longituditial or hd? and aft distance from Z () Y'. i- 


The coordin.ates of a corresponding poitit 

t 

: X 

H 

■ 


in X| 0 arc therefore 
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At P th^volume ot an element = </j:.(f//.rf3 = 8V. 

At P the moment of an element about OZ y.djc.dy.ds = 8M. 

Applying this»fomuila to a corresponding element at P, in A, 0 we have, 
by substituting the coordinates given above for P,, the volume df an element 

~ ^DL nioincnt of an element about,OZ at Pj 


Dj B,Ui L| 

D ■ BDL 


y4lx.dy.di 


SM,. 



So that the alteration in a given form of the length and breadth dimensions 


alone do not aft'eet Y, the height of the tl.li. Only, the alteration in depth 
affects the height of t’.H. » 

Similarly, the silteratibn of length and depth alone do not affect Z, the 
lateral position of C.B. * • 

The total effect oik 11. of a change of length, breadth, and'depth may 

therefore be seen to be for Y in proportion, to the value jy and for Zfto 


• Suppose tha> th^ w*t#rplitue*of a form is inclined 9° to the horizontal, and 
that *e enlarge all the breadth* and flepth dimensioivs, B and D being for the 
original form, aad Bj and Dj for the enlarged form. 
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In fig. 18, WK Iv represents a section of the original form ip which W L 
is the waterplwio inclined at 6" to the horizontal OF. The dotted,figure 
W, K,Li )•eprcscnts the corresponding section of the enlarged form. For 
clearness let'the sections bo so placed that the waterlines WL and WjLj 
intersect in 0 at the centre line.’ I’he inclination of \F, Lj to the 'horizontal 
is 6p and it is de.sired to fiuji the relation between 0 and S,. 

If we lake a point 1’ in \V Ij we can get the corresponding point P, in the 



so tli.ab as 


01.v'i.()K, 


tan 6 


1,’F 

Ok’ 


, p 

tan d, = —L’ = 

'OF, 


1 >, 


PF 


'OK 


0] B , „ 

-fJ.^-tand. 


Tho‘/el.'ition between the angles of inclination of corresponding water- 
planes is cxpress<?»l liy the above formula or ' 

Ian (9,^1), B 
tiin $ 11 B, 

T’.ie above consideration applies ecpially to any plane that is parallel to 
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the floatingrfvaterplane; and therefore if wo have for a given form a series o 
waterp anes, we can at once get the angles of inclination of tflo wrrLponLt 
waterplanes for ^n,y enlarged form of different din.ensio.rTe'^aetua' 
position of the corresfionding waterphu.o is got by setting np K(), = 

tan d| = tan V. 

If we have an isovol of a form of known <limensmns, wo can easily deter- 



Fro. 19. * 


mine the correspo!.ding isovol fir tin'sa,!nc fon', with the length; breadth, 
and deptlynoasurefnents rfepecyvely. /fhe ^ime is true of an isocline. 

“ Standardisingf. —We have seen how t(p find the edbrosponding points in 
a fortn similar to a given one, and also how to find the corresponding angles 
of Jncliiiatioii of the waterplanes. 

Ratio of breadths = 

• u 


„ depths 

(« 

„ angles 


If’ 


tan JJ L)| 

tan lij D' 


If* we refer the results of *'a gi'ven form to a idmilar form of standard 
dimensions, we-fuereby standardise those results. That is, that wh^gTOr 
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the dimensions of tlie forms we have been working upon may have been, if 
we plot the rcsiUts as for the same forms to standard dimensions, we are then 
able to compare the results of different forms directly with hach other, what^ 
evel' may have been the absolute dimensions of the forms for which the results 
have been obtained. ' ‘ * * 

The standard form chose# (for coifi'eniencc) is one in which 

. "i-JO". 

H, = 20", 

ortho halMireadth — lO". 

Therefore in the forniuho above, 

tile ratio of K-eadth = : 

\ ,15 

1 .1 ' 

„ „ depth - ; 

B and It beinp; in niehe.s ; 

tan _ if 
tanfl“2lV 



Staiulardisini/ rtii hovliue. —bet 1 H (lig. 20) be the isocline of a given 
form of dimensions L, B.rmd It, and let the angle of inclination of the isocline 
be 6. We can plot the forA to standard dimensions from the ».itios of dimen¬ 
sions. This is shown dotted, llj, the spot corresponding to is obtained 
fr«m Oil: OHi; 1): ‘ 

The an§lo which the tangent at 1 makes with tl;e,horizontal is 6. The 
tangent jt I, wilf make 6^, such that 

tan = tan 6 


the spot corresponding to 1, is found. 
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Take any other point P whose oooi'dinates are .<• and y inches on the 
isocline. Then the coonliuatcs of the corresponding pffint P, on the 
standardised isocline are 


20 , 

X iiml // X 


10 

J)' 


Ij can also be found in this wjiy, so tli.at wc can plot tlie staiidardfsed isocline 
from H, to 1,. • 

In 6rder alwa 3 'B to obtain isovols and i.soelinosof forms of standard dimen¬ 
sions at Ihe'same perccmtagos of displacements and angles of inclination, it is 
more convenient to draw the Haterlin<‘s on Ibe actual form at angles correspond¬ 
ing to 15", 30", 4.5", (iO”, 75° on the stand.ard form, I’besc 0^11 be obtained 
directly by snbstitnling the above values in snccession for d, in the formula 

tan d| = t'Oi 9. 


DISPLACEMENT. 



The values of 9 obtained are, those Or which waterlinos should bo drawn 
in the actual form. 

When the results are set off 00 a stiBidardised f, rni, as previously.explained, • 
they will then bo ff,r isovoh at 20%, 10^,’t!0%, b0% of the total displaeement, • 
and for isoclines for 15", .30", 4.7', 60", and 7;i‘ inclinatbn'. 

“ If all results fo<' every form arc so plotled, the curves so obtained will be 
directly eom|)arable with each other, and will show directly the effect upon 
the isoclines and isovols of difference of form. 

It is somAimeji convenient to be able to carry out the standardising of 
stability ciJrvcs direct from curves of K or “cross erirves” as they are 
sometimes called. 

To dq thi^, first'n•.ike a complete cijrve OF of displacement in tiie- 
upright*flg. 21. Draw the locus^f centre of buoyancy 0 h '(fig. 21)'by taking 
at a series of draughts^ ^oh /is /) A, the value of 
areti OBJd in sq. inches 
AB in inches 
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This value A C, plotted at the corresponding draught, gives the height of B 
above the drauglit datum line when the vessel is floating at a draught 0 A,, 
an^l the curve Oh is obtained. 

Divide the line K F, represoiitiug the total displa^icnmit, by .points at 
20%, 30%,vl0%, •')0%, 00%, J0%, and.K0% of the length EF from E; these 
points wilT represent corresponding percentages of total displacement. The 
heights of the C.B.’s for these displacements can be got frotn the curve 0 6 
by drawing at any percentage of displacement, say 20%, a vertical, anU where 
it cuts the curve. D F drawing a horizontal line cutting the curteOA. The 
ordinate at this liiu! will be the height above the draught datum line of the 
C.B. corre.spoj>ling to 20% displacement. 

Describe a (standardised) square of 10-inch side (lig. 22), in which pliwie 
the half-hreadtb midship section of IbSy-esscl, using the following scales:— 



Horizontal scale 


Vertical scale 


y.H.lt) 

■''-!d . 


where .i', a,nd y, jre the coonJniatc«'. in nim'ies of paper of a point on the 
standardised section,'‘and .r and ;/ are the coordinates in inches of paper of thifc 
corresponding point on the ordinary section ; H and 1) the moulded breadth 
and deiitli rospectivelv oi the ship in feet; and n = the scale to which the 

ordinary section is drawn — in. s 1 footj 

• Using the vertical scale (ii), mflrk off the K B’s on tig. 22 at the different ^ 
percentages of disnlacement as found in fig. 21. 

Take.now the curves ^of K N* sometimes called Cross Curves of stability 
(fig. 23), for the vessel * a'ld set up the different percentiles of displacement. 

• In view of standardising stability curves, jt ii(lrisable, when prejaring di N curves 
for the ordinary stability caicblations, to take the K N’s for displacemei^ ranging fr^ 2(1% 
tt>J(J?fof the total displacement. 
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Off horizontal lines (see fig. 33) K 11 sin C distant tron. the base, where 
C has the yalues.15 30,46-, 60", and 75", and KB is the'^distance of the 
centre of buoyancy above the datum line for draft. 



_Since B R - K N - K B sin C wc have now a .simple motlKKl of measuring 

BR_at displacements 30%, 30%, etc., and angles of heel 1.6', 30", etc. 



* Plot cprve of* B R 6n*a hasp of radians (fig. 25), Integrate these curves 
ind we get the (plotted) curves of B,!!, as Bjll ^ ffUl.r/ff. See p. 10. 
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anitE" r *^' 7 "dinary section which will correspond to the 

ai%lc.s 1.1 , .10 , etc., on the standardised section from the formula 

I'. 


^ tan 6»,- j-tan d. 

Set off th^*'angles .so fonndl on tig. jr., then iHt a„d 1^1 can he measured 



Fig. 25. 

W displacements 20%, .•(0%, etc., and angles correspondidg "to ID", 30". 
eelln '"i' Tl/' “>* tl*« .standardiicd 

; ‘w’ ' “"'I w•^^'>llal section, proceed as follows 

Fig. -(. shows the ordinary section, and fig. 27 the standardised section. 




+ ,, u ’ '■'■‘"'I (i) and (ii). p. 28. 
ir.2d- ''ttSlO- 


4 

‘A 

/ 4r= HH.«.20y . V _ 

‘ • l!- + 4l)2^*^J 

-•ltlt .«.20 /” •! * 

V B 2 + ( 4 D 2 -B 2 t sin^a.- 
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a, has the values 30", ctc . aud on substituting in this equation the eor- 
re8iK,.rf.ng values of J3 J{ from (iii) we get the values of hr for fl.e standardised 
"a zoo® '■ for"' with iTj U substituted to 

iiKiina\yo - a,) forviz., ^ ^ 

* f * w 

• • ' f>’ +(-11*'-- 1!-) siii^ (90° - a,) 

Haviug/the v.ah.es of /.r and /ywe ran now pM. the curves giving the loci 
of H, Vi;5. the isovols and Jsoclmes, on the slandardised form. ^ 



CHAPTER IV. 

GEOMETRICAL PROPEI^TIES OF ISOVOLS, ETC. 

The curve of flotation lias been defined as the locus of (Ub’s of **vatei’plaue 
cuttiii}' off constant volinne for one direction of incliin.tion. This is also 
called a Flotavol (hirve. The locus of all (lotavol curves has been called the 
Flotavol Surface. - 



Leclerfi Formula fur the Umliiis of Currafur/ ofjhe Flotavol .—F in fig. 28 
is the centre of curvature of a flotavol cnrve»»' is ihe radius of curvature, B 
and Bj are C.B.’s at voluincs V and V + ifV and are at heights b and^ihrfi 
respectively. M and Mj and p and p, are corresponding metaecutric quantities. 







geometrical properties op ISOVOIS, ETC, 


Si 


dV Mtinf at F, we^iatr*^ ^ Ai, and the volume 

, '’'' + (’■+?+«'-*)^v. . ■ , ■ 

ADo^fV + ;A"S4l‘M,)';'?’ '•'*« about 




(ii) 


EquatiiP^r (j) 

pV + r.dV + frfl/, , <^:Y.y_ .. 

V 2r f^^+f‘i-dy + d/,{y + ,/V). . (iii^ 

Taking inonieuts al)oiit A D of r/v/ a 
we have, ^ acting at (! and (V' + dV) ,«;ting 


equation (iiil'buconioh 


Now we 1. .•,y(hat 


('<-’• f)iV = irt(V + dV), 

% 

I' V + r.(/X = fij\ j 


; at B, 


(iv) 


and 


l’ = k. 


' V + dV' 


■Substituting those values for aud p, in (iv) ve get 

I +r.(fV = ! + (/]_ 

whence r=.‘/^ ' 

r/y ■ ■ ■ ■ (v) 

irivedH follolg*^!'-"" '■''"'''ature of the flotavol may be 

I 


/' - 


dp 1 dl 1 

rfv ’'y dV "itVa 

d\ V+Vv 


r=p+V-^ 



Thu-s, ig this^av! ?• «po since = 0. 

of the Isocline —^,oi i w v»a +i a ■ i- 

^ the vertical at an angle 6 (fig. 29). ‘soclme of a vessel 
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Let Bj be‘distant h + dh from XX. Tlien, t.akiiij; mumci^ alaxit XX 
...we have 

V./i + ,A'..r=.(V + (fV).(/i + ,/A), 

which, on neglecting ijn^ntities of tin* second ftrdel of infinitosinials, becomes 
(/\'...' = /oo!V'+ V.rf/o f 


■ • • • (i) 

Clearly th« point H, will lie o.i the liney B, aiul (V +(7V).|iP>| -'(/V.yB=> 0 ; 


d\ 


111 !, 


;/l?.<fV 


V+,7V 

In the limit 111!, becomes zero wljeii t/V is inlinilely small, mid then the 
tangent to the isocline at B will l,|j |!,; and will pass through the centre of 
gravity of thf '.irrespondiug plane of flotation 



DISPLACEMENT 


L 

Kio. 30, 


If we plot% curve df values of h in terms of V, wc have a curve from 
which may be derived what is called a “csoss curve.* If X*!'. ])asses through 
K, the. keel, it will Iki a eui#'e of K X’s, Hgt Id. For a known position of 
(.1 a cross curve can be at once olitiRned. * * •• 

' "liet A B, fig. .'iO, lio *1 cross curve giving values of h measured from a line 
such as X X in fig. 29. 

Let P ho the point h, V. Draw the tangentP, meeting the zero 
ordinate of displiU'ement in K. Draw P,\l parallel to OX. Let K PM - o. 
dh 
"dS’’ 


! disjiliU'einent i 
Then tan u = -- 


■ PM Ian «=- 

(Tv • 


/( from (i), p. flu. 
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Draw L R*para]lel to tlie tangent and R N parallel to 0 L. ' Then * = 

Analogy of formula j =/< + V™ to Leclert’s formula 

(tv 

Comparing the symboVi we.have :— 
r is ^le radius of cnrvii-.uro of the surface of flotation. 

■r. is the distance of the centre of gravity of waterplane from X X. 
p is the radius of curvature of the surface of hnoyancy. ‘, 

4 is the distance of the ccnti’c of huoyanev from X X. ‘ 




The following proposition explains the analogy .<• = 4 + V'- . 

dV 

Leclert’s formula may be deduced from the equation as follows;— 

The tangents to the isovol and to the flotavol at B and </ respectively are 
horizontal. 

Consider corresponding points whose coordinates are .ij and 4, for the 
same volume V, but at a new angle (0 + d$). 

We have .r, = 4,+V^;^. 

But ,r|J.r = r(fd I since these are elements of Arc 

and 4] -h = p <16, corresponding to angle d6, '■ 
also jjj - .r = 4, - 4 + V— (4, - 4). 
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r.<W = p.<W + V'-'Lie, 

or >'-p+\-A. . 

t 

Some properties of the locus of centre of buoyancy and 
metacentric curves - b c'i tli(‘ ahsoissR' til' the* (‘iir\(‘s displiujomont V 
along Oa, I,{'l Uk' ol' tho and controsof buoyancy 

be measured in tiio din'ction V. ' 

We get curves ol U and M as shown. At H draw tlio taiigont I> M meeting 
OY in H. Draw li N, iig. :H, parallel to O X, liU'Pting K U ii) .N' 


Then ton = 

•■fill] HN-an |{HN = H\=--. . (ii) 

<t\ 

• ^ 

Lrt the draught to wateriino ir ’ l)o 8. 

It may bo sorn that tins :s a special cast of .i'-h + \' when XX, fig. 

•29, passes through K and is perpeiidimilar to K II, then .r^S, the distance of 
the centre of gjavity of the watcrpluuo from base, 

and b = h, tne distance of the centre of buoyancy of volume V from base. 
Hence we may wrjjo 

.(hi) 


i.e. K(:=KU + HI*toii BUN 
KC-KB=BN 


CB = BN. 

Draw tangent M T and.draw Q M horizontal. 

Let , m = KM ='b + p 

dm = (lb +Wp 

> ^ 

ydm_ydh y'^P* 

* dV~ dV (N 

= S-b + r — p from 8 = 




-p + r 


or 


.QT + MC = r. 
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’’We liave S = A + fruni (iii), p, 37. 
d\ 




and 




If the tiliif'cnt to the mirvi! (if M he panillel to tlic tangent to the curve 
of B where B corresponds to M, 

dll _ dm 
dV~dV 


Then 


and 

and 


r - p = 0 


• |iv) 


d'l . 


Th(i curve of B for ships is nsnallv neady straiglit, so that is iiractically • 

constant, and wlicro’^^ has idioiit this value, r closely apprc^viinates to p. 

dm * 

Also when the tangent to the c.urve of m is horizontal, = 0. See fig. .32. ' 

(i — 6 I- j' — /> = O 

/.(’. B(l + r = p ^ 

and llie centre of curvature of the llotavol coincides with the inetacentre. 

If 3-f/ + r-p = 0, one soliitipii is r = <*, in which case M will he in the 

waterline and p = <'-// = But ff.— 


dV 


dV 


dV 


dV 


, when 


r~0 and = 
d\ 


In fig. 33 we have a curve of p values set off to a base of volume 
Draw the tangent M T as before. Draw t,t M parallel to I) X. 


Then 


-QT = v|PandOQ = p. 

(l\ 

OQ-QT = p + v|P. 

dV 


Draw B B ])arallol to M '1' and B N parallel to 0 X. 

Then OQ-QT = BM-B.V = MN-r. ' ' ' 

Thig property i.s analogous to that shown for the isocline in fig. 30. V 
When the t'U%ent to the cirvc of BM’s is hor'zontal , g^,^yhioh is the 
same s in fig. 3l wdien die tangent to the B and M curves ar^Hhllel. When 
}' = 0, 0t.'-(,>T = 0, fig. 33. 'The value of V, which fulfils tlM wn dition. can 
be transferred, if it exists, from fig. 33 to fig.''31,"am{ it will glW the draught 
at which M and F and C are in tire waterline where F is the centre lof 
curvature of tho flotavol. As this point is one of no radius of curvature, it 
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Summary (jf the prapertiei^ that have been proved in this chafer:— 


I 


P=- 


1 

V 

di 

(liV' 


.■ = A + V 


(Ih 

rfV 


8 = A + V—. 
d\ 

S = /, + p-,-+ V-'. 

d\' 

And also — 

(i) When the tangent to tlio curve oj^ centre of buoyancy Is parallel to 
the tangent to the curve of inetacentres, the radius of curvature of the flotavhi 
is equal to the radius of curvature of the surface of buoyancy. 

(ii) When (he tangent to the curve of uietaeentres is, l'.oj'izontal, the 
centre of curvature of the flotavol coincides with the inetacentro. 

In all the foregoing we have been dealing with the curves due to one 
direction of inclination, presumably the transverse. 'I'lie results are true 
for any chosen direction of inclination. The curves of centres of buoyancy 
will bo similar for all directions of inclination, but the inetacentres and 
flotavol curves, which depend on the forms of the watcrplanes, will differ 
with each direction of inclination, but the abovi' relations hold notwithstanding. 

The values of p and r for othc directions of inclination can be found by 
direct calculation in each case* from the calculated value of 1, but it oa,n be 
shown that it is only uecessai’y to find two values of I in order to easily 
determine every other. 

The following propositions show how this can be ilouo. r 

Properties of the “ Ellipse of Gyration ” and of the “ Indicatrix." 
—When wo consider the stability of any body, regular or irregular in ior^, 
floating in water, many ipicstions relating to the s.hift of t,he centre of 
buoyancy may be convuni|'ntly solved by referring to the “ ellipse of gyra¬ 
tion ”,of the plane'of flotation. , ' , 

We shall see that this ellipre is (iimilar to the* ‘ indicatrix ” of the surface 
of buoyancy at the'point corresponding to the plane of flotation. , 

Definition.—tha “ellipse of gyration” of a plane area is the ellipse that 
has the square of the perpendicular from the centre of the ellipse upon the 
tangent varying as the moment of inertia of the area about t|n axis through 
its centre of gravity and parallel to the tangent. ■ ' , 

Definition.—The “ indicatrix ’i of a point on a surface is the curve of 
intersect!?!! of the surface and a plane parallel and infinitely close to the 
tangent plane at fhat point. >■ ” , 

Thisecurve of intersection is a,conic for any surface; and it the curvature 
of the surftce at that point is alway.-; of the saipe sign^ then the curve will ^ 
an ellipse. The indicatrix of any point on aniisovo*! is therefore an .ellipse. 

In a flotavol surface the curvature may change sign, and the indicatrix 
may be cither an ellipse or a hyperbola. 
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The indicSitrix has tho property that the sipiare of the Sijdius vector to 
the centre varies as tho radius of curvature of the normal section containing 
this radius vector.* 

Let us first consider the properties of ^lie ellip.se of fiyrat'ioii for any 
given area.V • f 

Let the OTgin of the .axes 0 X and O V he taken at the centre Af gravity 
of the area, fig..''4. 

Consider an element of area ih-.ilt/. 

Definitions .— 

The moment of inertia of dx di/ about OX - ifi.dx.dii. 

„ „ „ „ OY ^.x^.dx.di/. 

The rectangular moment of „ „ 0 V and 0 - .x.y.dx.di/. 

The inoBK'iil oLinertia of the whole area about O X 


0 Y 


The reota*;;ular moment „ „ 0 X and O Y = | j.xy.d,v.dy. 

Call this K. 


I ji/-<ir.dy. 
f'all this I. 




x"d,t.df. 
Call this J. 


We have then tho functions 1, .1, and K for a given position of the axes. 
We can find what those values become when the axes are turned through 
an angle 6. , 

Let 0 X, and O Y, (fig. 34) be the new axes. 

Lota’jy, represent the new coordinates of the point .<■ y referred to 0 X, 
and 0 Yj. 


Therfthe \ 

alue 1| for the moment of inertia about 0 X, = ^ 

jp^^dx.dp, 

and 

II 

o 

• 

Xj^dx.dp, 



J 

’ f 

„ 

KJ for th% rectangular mdment = 1 


But 

•Tj =(r cos 6 + y sin 0. * 



yi = pco&0 sin 0. 



IJ = 1 cos'-i d + J sin^ S - 2K sin co^, 


and 

• .1, * .1 cos® d +1 sin- S -4 2K sin d cos d, 


and* 

K J = (1 - J ^ sin 8 cos 6+ K(cgs'^ 8 - sin^ 8). 



1] - J] = (1^- J) (cos- 6 - siiitt 0) - 4K sin 6 cos $, 
= (l**J)cos26i-2Ksin3^. 


* In this case the principal radii .of curvature of normal sections of the isovol an 
i and ^, and therefore the principal a»cs of^the indicatrix are proportional to \/l and Vh 
‘Oms the indicatrix and ellipse of gyration are similar and similarly situated and will therefon 
have similar properties. 
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From the ^ove equations we can dediice 

I + .I = I,+.). . (i) 

and also j l.I-= - K,' . . (ii) 

From these relations (i) and (ii) we can deduce Ajiat for every 
plane area there is a pair of rectangular axe.s, for one of which the 
moment of iacrtia is greater .and for the other loss than for any other axis. 
These axes are called the Principal Axes. 



t t « 


(I + J) is constant for any axes. 

(l - .1) is a maximum for the principal axes, 

(1.1 - K2) is constant any axe.s. 

K* is zei'o for the princijxal axes; < t ^ 

We can obtain the positioi;, of the principal axes when we know the 
position A'f the centre of gravity and the values Ij, .1,, and K, for any pair of 
rectangular axes* ^ > * * * « 

Lef’fi be the angle Ijetwccn ^hc principal axis 0 X and the axlh 0 Xj, for 
which we know Ij, Jj, and K,. 

Then K is zero for 0 X and 0 Y. 


€ 


(Ij - .Ij)cos/Jsin j8 + K,(cos-^- sin-j8) = 0.« 
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^(Ij-.)i)sin2;8= - K, cos2/8, 


or 


tail 2/3= - 


2K,_ 

(I, 


Let 1 1.1 the maximum moment of inertia' I 

Let J „ minimum ^ 

Let I|, .Ip K| lie the functions, as liofore, for any other pair of axes 
of reference. ' 



Then 


I»pJ = I, + J,, 




Also, if I and.) be known for the princi[lM axes and ^ is the same angle «8 
before, 

Then I , = I cos- /S + J sin-/3, \ 
and ^ .) ^ =,J cofi'-^ /8 + f si u^ /8, 
an'S * K, =»(I-d)sii> A C03/8. 

The above relations can be represented graphically by an ellipse, fig.- 36. 
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Let AB be ^11 ellipse, such that the semidiameter 

<)A = „- Vj, 
and the somidiamctcr () B i ^ ^ I. 

Then from this ellipse can obtiiin 1,, Jj, and Kj'for any pair of axes bl 
•efereuco rl;her than 0 A and 0 H. 

Lot A 0 - li, and 0 A_ bo the original axis 0 X. TheAnjuation to the 

illipso will be * 

* cos“/f sin-S 1 

a- />‘ r- 

wheiF. )• - 0 I’. 

Oraw the tangent CT parallel to the axis OX', touching the ellipse at C. 
Let 01’ meet the tangent in T. 

Then OT is the jiorpcndicular on this tangent. 
lfOT=y<, the eiination to the tangent is 

•r cos /i + ?/ sin /j =^p. 

The condition that this line should touch the ellipse or lie a tangent is 

ji- = rt- cos- fi + !>• sin- /f 
= .J cos- 13+I sin- 13. 

Again, if 0 V eiiuals seniidianieter of axis O V,, 


1 _ ^ 003= (^^ + -1'^^ .sin- (^13 + 


OV- 


^2 

0V2 


sin^tB + A' 

' /fl 

= 6^ sin2 j3 + (i^ cos^ j3, 


' ' 0V2' 

It is also a property of the taiij^ent to the ellipse that 

CT.OT = (a2 - h-) cos (8 sin j3, 
calling CT = n. 

\j>.u = {n--/>■) coti p sin fi, 

= (]-,/) cos fi sin fif 
= «!• 

' P/ d, p 

where a = angle COP.« . ^ 

Having diseussod these properties of <iioiulnt of inertia of a pfane ,area. 
we can apply them to the area of the plane of flotation. • 
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For any plane of flotation we have an ellipse of gyration which may b 
defined as follows:— j 

The ellipse of gyration for a plane of flotation is the ellipse having.it 
centre at the C.G. of the watcrplane, and having the pioperty that the squar 
of the perp-'ndicnlar fAan the centre of gnn rty cJ the iilaiie (this point beini 
the centre ol^e ellipse) upon the tangent varies’as the moment o^ inertia o 
the area a1ton\ mu axis through its centre of gravity and panvllel to thi 
tangent^ and tliercfore it varies as 11 M. 

Directicn Of Motion of the Centre of Buoyancy of,a Floatins 
Body as the Body is inclined— Let 1! he tin- jswition of the centre 0 
buoyancy (fig, SC,) corresponding to a plane of flotation, and let 0 be th( 
position of the centix^ of gravity of this plane. 



*Fio. 36. 


Let C V be pajallel to the tftis abeut which the bo(1|)' roceivds a, small 
^ inclination, and therefore ]»rpcndiculur lo*the plane of inclination. 

Choose as axes B V, BZ, whore*B Y is parallel t»*0 V and the plane 
aZ is parallel to the plane of inclination. 

Let C have as coordinates y, i, relatively to B. 

Then the ^lane X Y' is parallel to the jilane of fRtation. 

Suppose^the Ijpdy has Received a small inclination <16 about C V, and that 
, the axes remain fixed relatively to the bodj. Then the centre of buoyancy 
will have moved from B to some position B,, the coordinates of jyhich aft, 
say, o, /S^and V *• • V » 

The offtnary' method of calculating a transverse B M applies to Ahe case 
of a body symmetrical gbout the line C V, which in a ship wcvuld be the 
Aiddle liije of tile w9leri?lane., 

I» this special case, for a very ^lall inclination -the transference of the 
vpltune of the wedge having its C.G. at .</, on the emerged side takes place 
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in a plane parallel to y.^ on the submerged side, i.e. y-^y.^ is parallel to plane 
XZ and lies in the plane through C. 

• The moment of transfci’ence !>.</]</„ = V.BB,, 
where « = volume of wodre of su)}iner»ion or emersiQU, 

„ „ dispfacement, 

</,.f/.^ = sluft of centre of gravity of wedge, 

B B, = corresponding shift of the centre of buoyancy of V, whidi is the 
• general case. • 

If tile w.-iterplanc is not symmetrical about C V, then </,'/„ will not 
necessarily lie^ni ii ))lane parallel to XZ, but in some jilane inclined to it. 

The relation V. B B, - e.y, y., will still l)C true, and in the case of non¬ 



symmetry we can consider the projection' of B B, and .'Ii ,'/.j in t^ie pianos of 
reference. 


+ j'jl'i' ‘/O t/y+‘j 

j r/ <W (/)• dy 

-im. 

\ 

Vji - !'(«,/!, = j ji/r, (ii/ j 

j i/r.j r/r dt/ 

it 

* . 


I. 

For cljjirness, only the emerged side is shown in fig. ;i(l. 

The direction pi the pl.yie Y in whieh the ventrt'of budyancy moves Is 
therefore! given by ^ * 

* inw y = where ?/ = a'ngl" XBH> 

a .1 < 

. «< 

Again consider the ellipse of gyration (tig. 37). 
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Let B X Z be the plane of inclination, I! Y the axis of inclination (fig. 36). 
Draw TC a tangent parallel fo 15 Y (fig. 37). " 

Then l!T = s'.l, sec p. 44. 

TC.IIT-K. ■ , 

tan =laii q. ('154’ = ,;• 

Therefore the vector o/ he ellipse of (ji/ration fyr the plmi'e of flotation 

gives the direct tou of mot ion <it the centre oj hnogunctt ichen the plane of 
tnclinattou contains the jterpenilicnlnr to the tantjent o/' the ni^’ins vector. 


X 


Fks. 38. 

•* 

In tlie ellipse of gyrati’en, fig. 38, let. 1'be the moment of inertia about 
an axis 15 Yp li'l 15T-ip. 

Then 1 wheie /■ is a constant. 

If wo call 1, and 1, the principai moments of inertia about the axes BY 
and 15 X respectively ' a’ 

'ili’en = 

and 

■ ■ t 

also 1 --^l, cos- 6 + l„ sin- ft 

■ J ■. n , l/ • ■> n 

III. — iii^ cos"'^ ^ + »>ii »'»'■* 6, 
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where 






* U 

V’ 

J, 

v 


This f;iv('s the vuhn' nl 'm for ii plaiu' of inelinatioii at d lo the principal 
axis I! X. , 

Metacentre for any Direction of Inclination. —To incline a vessel 
in any direction sneh as H I’,, fin. SS, it is necessary to aj>ply a couple in a 
vertical plant'parallel to li C. I'his is not parallel to the plane of inclination, 
and eonseipiently ('>o consecutive verticals, through consoentive centres of 
Imoyancy, will not eenorally intersect. 

The nietacenti’c has hecn defined (tHiaptcr IX., Vol. I.) as the projection, 
on the plane of inclination, of the line of shortest distance l elwoen oonseciitix'e 

verticals. This shoi’tcst distance will be /i (fig. 36) = -dff. t'ov the principal 


a.ves K is zero, so the corresponding inetacentres are points actually in the 
plane of inclination, and not projections of the line of shortest distance. 

The ajiplieation of the metacentre, as dchned above, has j.iostly been for 
positions of cipiilibriniu and for directions of inclination corresponding to the 
principal axes of the ellijise of gyration, i.e. of the transverse and longitudinal 
directions of inclination for a ship in the upright. For interintcnate directions 
of inclination and for linite inclinations to the upright in a shipshaped form, 
the nietaccntre may better be defined as the projection of the shortc'st distance 
between consecutive verticals, through consecutive centres of buoyancy, upon 
the vertical )ilane passing through one of them and parallel to the plane of 
inclination. The locus of such netacentres will, in genei'al, be a curve in 
three dimensions, and will always be a closed curve. Such a curve eanj|'l 
generally, only be shown hy its projections npmi planes of reference. For 
practical purposes it is sufficient to show its jirojection on a iilane parallel to 
the jilane of inclination. Tins projection has been called a “M'tacentric 
Evolnte," and sometimes a. “Curve of I’ro-Metacentres.” 

It is, however, necessary to bear in luhid that the real curve of inetacentres 
is a curve in three dimensions, and the curves of mebicentres usually shown 
are only projections of thecreal curve. 




CIIAPTEIi V. 

METHODS OF FINDING STABILITY. 

[n studying scubility <‘t‘ a m-ssoI dm- to form, it is noci-ssary to know the 
stability of ftit x.ssfl atTall aindts of hoi-l and all disjilacomi-nts. Wo have 
jecii tba* a coinploto rc-pn-scnialJ''! of (lie jiosition of the (! Jl.’s of any form 
::an b. n ,de by-a M-rii-s (i'>>\ )ls .tnd isoclines. If we select one (condition of 
dRj vessel, inid determine n>r that eoarlilion the displaceim-nt and the corre- 
sponditig jiositioii of centre of gravity, we can easily get from tin- isovols and 
isoclines Ihe m ■’ *-‘7 stati''‘ai stability curve. If we consider the displace¬ 
ment varialilcTnm'tho centre of gravity lixed, we are able to get a series of 
jross curves of stability for a series of angles of inclination. Hence for a 
given position of i-’.H. we can obtain from tin* isovols and isoclines ordinary 
liurvcs and cross curves of stabdity, or, what is the same thing, tlie surface of 
stability corresponSing to that tiosilion of 0 H. Tin* w-ork of obtaining a com¬ 
plete set of isovols and isoclines is laborious, and it is not necessary for 
jrdinary (;ases of vessels, when* the stability is only reipiireil t<i bo known for 
.1 small nundier of special conditions and for » limited range of inclination. 

Tlip conditions of a vessel during service limit tlic range of displacement 
between the liglit and load draughts. At the commencement of a voyage 
the vessel is generally loaded to her deep<;s(- draught The weights which 
ihe is carjjjdng may be of sucli a nature that tin* centre of gravity of tlic 
loaded sliip is daiigerously^bigh. A vessi-1 with all lujr bolds full of a light 
:argo and a (piaiitity of timber stowed ^n her wealber-deck ; or, a light draught 
passenger stoaij^or orowdi-d wuth a large number of passengers on the top-dock, 
ire of this natir-e Tlie loaded comlitions in these would most probably 
be less stable than the respective light i-oftdjtious. During the voyage ,tliO 
j 9 ndition of the sliip varies t^coal jyid stores be^Kime gradually couKUiued, KO 
that^the vertical positi(»i of the (iontre of gravity of the vessef may be altered. 
A.t the end of the coinage the stability of the vessel may be very different to 
that at the bf'ginning. 

Sometimes th| stability of tlie vessel has to be Lalculatod for conditions 
juch as launching ojft-dry-donking, w hicli art? lighter than the ‘‘light draught.” 
fn. the launching condition the weight is madv up generally only of tlie steel¬ 
work and a part of the w^od-work. li. the dry-docking condition the wteris 
very often erj^tiecl out of the boilers, and othef woigf ts may li^ivc to be taken 
y\\i of tlie lo^r parts of the ship. « 

We have seen that the metacy;ntric height H M is a measure of the^tability 
in ^iie uprigljt, and'gcnemlly it is (sufficient to know only GM for conditions 
when the vessel is in smooth water or ifi harbour ; Imt it is important to have 
surves of stability for a wide range of inclination for the conditions that the 

VAT. IT - iO 
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vessel is likely to be in at sea; and in critical cases in harbour, it is desirable 
to know what is the stability at finite an(;lo,s of heel, so as to be able to judge 
gf the reserve of stability availalile for provi.sion against loss of stability Hue 
to accidental change of position of tlie tJ.ll. of tlie ship. 

For an ordinary sea-]|oing jiassenger and cargo sleanier. die following 
conditio* s should be exaininod :— 

(1) Vessel in light condition. 

(2) Vessel in load condition. 

(.1) Ves'.iel fully loaded -eo,al burned out. 

(4) ,, ,, „ coal and all eonsnniable stores out. 

(.")) Vessel as in No. 4 —water ballast in. 

(0) Vessel with a light cargo coinplcl.ely filling the holds, and as in No. 4 
(condition between light and load). 

For each of these conditions the displaccnient and position of C.G. must be 
determined and recorded on the nictaeentrie diagram as alre.-dy described, 
Vol. I., Ch. N. p 120. 

It is nsnally sniiieient to know the curve of (! Z's in terms of 8 for each 
condition. 'f 

The (|nickest and most aeenrate method of obtaining the curves of 
is to use an integrator and to, first, determine a series of cross curves'sR, 
stability, from which may be dcdneod the ordinary curves staliiUty for trai- 
specia.l conditions stated. An integrator is not alnaiys avai'lable, and the 
method known as liarnes’s or some ei|uivaleiit method of jiolar integration is 
ailopted, whereby measured ordinates are integrated liy .Simpson’s Kides. A 
third and more modern method is that of liiiding the cross curves by combin¬ 
ing the use of Tehebyehefi".s Hides and the integrator or integraph. These 
methods will he descrihed in the following order:— 

(1) The method of ohiaining a curve of (1 Z's directly from a prepared 

body-plan by the ]tar..es’s jiroeess of polar integration. 

(2) Till' method of obtuhiing a series of ero.ss curves of stability from a 

jirepared bodv-jilan by the integrator, and from these the curves 
ofltZ. 

(2) The method of obtaining a series of cross curves, i.sovols, ai d ksoclines 
by tlie application of Teliehycheirs Hnles, combined with the uso of 
the integrator or integrajih. , 

Preparation of a Stability Body-Plan seejig .19. -'n the body-plan 
or stability e,ali'ulatioii,.hy any of the methods, the sections are made to show 
.lie water-dispraeing portion of the liull. In an ordir-iry steel ship, with an 
‘in ” and “oid.” system of "hell plating, it is nsnai to draw the seetions at 
listtiucc of one and a half tiinos the moan thickness of shell plating froip the 
nonldcd sections. With the joggled system and with the flush system of 
plating the seetions are drawn at a distance equal to the thickness of the 
plating. In sheathed ships the sections are made to the outside of the 
dieathing. The sections are soinetimes m.ado to slio ■ the outside form of 
the appendages, such as shaft '.lossing, keels .and bilge kneels, but only if tho 
vobn...is of these aiipeiidagos .are worth takiiio, into iiceoiint. These ap* 
pciidages may, liowevoi', he left out from the initial stages of the calculation, 
and'included aftorwaiils by making an aiiproximate calculation of their effect. 
The setlioiis are contiiinod up to the weather deck, and are made to include 
the round of the beam at the top of the w lod or steel deck. 0,n the weaifherr 
deck there are usually appendages in the shape of deckhouses,‘ casings, 
forecastle, poop, bridgehouse, or other watertiglit deck erfection. These have 
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a oonsiderable effect on the stability so soon as the angle of. heel is ereat 
enough to submerge them. Th<. effect they produce on the stabiht may be 
calculated separat 'ly as an a])j)eu(l,ige correction ; but if their volume is knre' 
i** fli«p'acciiieut, 01 - if it can be easily integrated it\ 

better to int udo them In the e,-.leul.ation.s at the preliminarv stages. In any 
case they shoo-d be shown on the body-plan. . ^ ^ i any 

nointsLTll^ f possible, should be made stop- 

points It. the longitnd.nal integral,on. This is arranged in fig. .-i!), whitd, 
shows a stability body-plan for a hallow dranght steamer 



Ihe deck erections of the vessel shown by this figure are a full forecastle 
a bridgehouse. aiii^i raised quarter-deck: These erections end on section 
AOS. M, o and 1, which are stop-points in the longifiidinal integration. The, 
ipacing of the sections istoi accordance with .Simpson’s Pirst Jtule. 

or to) body-plans, as describerl' must hot drawn, but for 

both sides of the vessel. Tt is convenient to.lraw both fore and after bodies 
Ml the same body-glaii, ;md to isadie a distinction between them, eitlTorbv the 

iolourmg or.the dotting of the lilies. •' 

Mafly methods have been deviseif for obtaining (iZ curves by polar 
ntegration, but they all more or less contain the principles involved in the 
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following proiesM, tlio dilforencL's consistiijg largely in the arrangements for 
tabling the figures and calculatioim. ' ' •!' 

■' The Barnes Process of Polar Integration —The method of polar 
integration was first applied liy liarnes, and oonsecpicntly it is generally 
referred to as Barnes’s Method. ‘ o . j 

The i.iniHil.'e used in this method are the following;_ 

V.BU ---+ (vo/'a i (”2 ~ 0 •' 

V.Bj I! = (Jy 

These feuuiiho hare been discussed in V’ol. II., Ch. 1. p 
equation gives the righting moinont at the angle 0. 

Bighting moment VMZ = V.BU - Y-Bd sin 6. 

fipialion ('2) gives the dynamical stability V./i where 


. . ( 1 ) 
• •• ( 2 ) 
. 4. The first 


on 

ed side, the 


V./i = V.Bjl{-T.B(i vei-s. 61. 

The above eipiations m.ay be cxiirossed in words. See tig. 3, p. .5. 

The righting moment V.(i/i is equal to the sum of the moments of the 
wedges of emersion and submersion about O ji/vs or i,dnvs +i<e .moi.v^nt of the 
correcting layer about O iiii'nvs the e.xpression V.B(J sin 6. 

The i|nestion whether the moment of the correcting layer.in formula (1) 
is + or - may be decided from the following considerations. In formula (1), 
when the correction is an emerged excess with its ('.d. me the emerged side’ 
or a submerged e.vccss with its C.d. on the submerged side, the correcting 
moment is negative. B’hen the correction is an emerged excess C.d. 
the submerged side, or a submerged e.xceRs C.d. on the einer'u 
correcting moment is positive. ' " 

The correcting layer moment is always mimnf in (2). i 

The dxnamical stability \Jt is cipial to the sum of the moments of the 
wedges about the new wati'rplane, miiiiix the moment of the correcting layer 
about the new waterplane, minus tiu' expression A’.Bd vers. 0. 

Thus, to obtain the righting moment and the dynamical stability at any 
definite angle of heel, we have first ti. find the volumes ?q and v,, and the 
moments of the wedges of submersion and emersion.' 

These volunes and-moments can he found 
integratiou. r 

Let ns first examine the.'cxpiessioiis-for the volume and moment of &*" 
wedge such as is foimcd in a shipshape solid by two consecutive waterplanes 
W L and W, L,, as in tig. tO. ^ 

Lot Oo be the axis ^if the wedge coi responding in the ship to the longi¬ 
tudinal middle line axis at 0. ; ® 

Let OAB and oal be two transverse sections disiMnt j-j, and O'AiB' 
a section distant d.r from O A B. Choo.se a small part like that shown shaded', 
between two radii very cjose together, at angles 0 and 6 +<10 from OB. 

Let the pol.vr distance (.) B of the element from 0 be r. 

The plemental .area is therefore dr x rdO. 


by the polar method of 


Therefore the area between two consecutive radii = dfij)-.- 
Thorefore the area of the section OAB - Iji-ilB.dr. 


.dr. 
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The volume of an clomciital layer niado l.y the soctioys OAB and 
O'A'B' = j InW.ifiUr, and tlierel'orf tlie total voliniie of tlio woduo 

inW>Ir.iU. 


If a, = aii^le B (i A and -- 0 o, voluino of aod^o' 

I / ( 1 , {■''■• 

where r, reproMcnts the 2 )oIar diKtancc of any |ioiiit on the side li/yo. 

Then total volume of the wodi;e = 1 1 ”'... (1) 



and 


O — sin 0. 


Therefore the t(‘tai,nionien<, of weilee about (»II = (2) 

- . •#. (3) 

;^Pplying these furmuhe (1), (2), and (3^ to the wedges of fig. 3, and 
cjjling rj the iiohy meji.siir(*nKWi»i of wedge /-j, • 

“d,. V,, 

the liiftits for a- become 0 and L, the length of ship; 

» >j ^ 0 „ a, the angle of inclination. 
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“ITierernrc j /y''cos 

and c„r//i., = .'| I j r? ms O.ilO.iJ.r, 

also ''i i I I lyiW.il', 

and = j 


The point <■ winch is the c//. of the eoiTccthiK' layer can bo I'onnd when we 
know the areas and I'.i/.'x of the radial |)lane, and some jilaues parallel and 
near Di it. ' , 

The liioiiienl about Ho of the iilaiie OljZ/o—.l/ 'r-M.i. ' 

II 

.Moment for both planes =.lj (r,-i/r. 

I >istance'•.(/. of whole plane is from <• - ---tt-. -ii " ' 

I 

'I'hc ex))ression I j ryV/^ cos d d.r 

can be intcitrated by lirst inle{,'ratinf: )y' m the direction of ./• for a 
scries of values of Cj for values of a chosen to suit the spacing for Simpson’s 
Knlcs, 

These values of Jiy'.d.i'. can then be multiplied by cos d, and integrated 

polarly to give the moment of the wedges. 

This ojicration is the same for the emerged as fi.ir the submerged wedge. 

.Similar operations must be earried out for j | r,-(?.r.(/d for the vol nine o: 
the wedges and l^iy-d.i- for the moment ol* the waturplane areas. 'I’lio Integra 

|'r.if.r. is also rei]iflred to give the lO’ea of tile radial plane. 

To suit the jiolar integratittii tliii incline'll watorphiiies arc chosen radiating 
from the |)oiiit 0 as in tig. .'!9. ' 

WO L ill the figure is the horizontal waterplane cutting off the displace 
incut corresjHiiiding to the condition for which we want a curve of righting 
arms. Through O a imuibcr of walerplaiies are drawn ah eijiial angula: 
intervals. .V waterjihinc must he 'drawn passing' throiigx. the deck-edge a' 
ijide. This waterplane forms it necessary stop-point in the integration 
hecaiisi!' the dock-edge forms a point of disco^titiiiuity^ in the radia 
waterplane area» ' 

It is In"; and as it must her the third or Kfth or so on ordinate in thi 
polar integration to eonrorm to continuity for tlmust; of Simpson’s First Rule, thi 
angular interval must bo 7f," or 3iJ', or siiolt angle as divieles thy deck-edgi 
into an even niimher of intervals. In the case given in fig. 39, 7J° isitakei 
as tlie^ angular interval. 
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Modus Operand! of Ihe. Polar Method. 

Two kinds of tables are used. Tlie lirst, called the I’rcliininary Table, is 
arranged for finding tlie e.x|)ros.sions j rd.r, j ri'-dr and j rfdj- for eacfi 

waterplane. The otberlalile i.s called Ibe Coiidjinatioii Table, and completes 
the integrations' ;f tl'c o'ipres.sions 


I j r-dO (/.(', j j r^ cos O.dd.d.r and j j r' sin 0.dh.d.r 


Preliminary Tables. 

It will be seen, p. .ofi, that eacli I’rclimin.irv Table is divided into two parts. 
The top part is for llie snlanerged wedge, and tbe boKoin [lart for the emerged 
wedge. To cemplcto these tables, pleasure for c.acb table and waterjilane tbe 
distances r Of. tpe section .along the radial ]ilane from tt, and tabulate for 
submerged *ai. i 'ifti'i-g^'d sales the results under the heading ordinates, 
opposi‘c to the number of th-' -eetioii. Fill in the i‘ohiimi .Simpson’s 
fcMultiplic ■•.s^acltordiiig ti !'•. longitudinal spacing. Fill in the snbseipient 
oTilunnis by first sipiarnig .iiid then enhing the ordinates. 

Wo have thus eolunms ■lung the values of r,, and for submerged, 
and )'„,jfcfcaij^i ^ ‘ 'or tlm cniorged sides of the waterjilane. Use .Simpson’s 
^ Multipliers, ann add tlie rcsiilUs to obtain the functions of r,, )y’, and ty', and 

so got the exj’. -cssions j r^</.r,j rfd.r, and j rfd.r by dividing by and multiply¬ 
ing by the common interval. To avoid large numbers in the (Jombination 
Tables, tbe values of ty rf are added anfl divided by .‘i in the. I’reliminary 
Tallies, and the.se niiniliers are then used in the (lonibination Table.s, the 
whole being mnltijilied by the cominoii intcnal afterwards. 

Tlie three fiinetioii coliiimi.^ are not .‘greeted by Sinijison’s .Multijiliers 
until used in the Ooinbination Tables, 'llie fiidetioiis of cubes for both sides 
are added together in the rreliminarv Tahle.s. The Condiiiutlioii Tahle is 
shown in Taiile, ji. .ud, and is arratiged to coiiij.lete tbe jiolar integration 
I for one taiglc of heel, and to obtain (IZ and tbe dynamical stability corre¬ 
sponding tberelo. 

Consider the Combination Table f«ir the inclination 40”. .Set down in the 


first colniim (.i) 0“, 10',. 20”, BO', 40 , and in tbe second (H) the functions of 
from the curresjKinding I’reliminarv.Tablcs. ^’iit in * third coUinni (C) 

the corresponding functions of j I'hl.r anfl intfcgrate them <fcy tbe Simpson 
Multipliers in coiumn (4)). We get in the column (E) tbe function of 


11 


(/.vr/O wliich, wIr'ii multiplied liy half and the Simplon’s intervals divided 
three, gives J^p’^he volfluio of the sul^mer;^^ed wed^e. Similarly, we find 


the value j r.r f/0 for the volume v., of the emerged wedge. The difference 

of these tw^^iUmies Ihercforc represehts the volume yf the correcting 

layer, and if thi^ he di%ided hy the area the waterplane, we can got its 
anproxiinate thickiit^ss. ^IJJie .nwmeiits of the wedges Vj.o/tj and^w.j.oA^ are 
obtained bij integrating in the ri^it-hand side of the Ooinbination Table. The 

first coUunn (F)*is for the functions of fr.J^du!] which have been 
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summed in tjie I’reliiuinary Ttiblos. The next column (G) contains prodncte 
of the column (F; hy .Simpson’s Multipliers. (lolumn (H) gives the cosines of 
^he angle of incimation of the respective radial planes to the angle of the 
waterplane up to which we are integrating, in this case 40' . Write down, in 
order from the top, cos 40' .... cos 0 , corresp.hidiiig to the planes 0°, 
10”, t'0''„i;i0', 10". The i]o.\t l■olumn (K) gives the produi^of columns (G) 
and (H), which, when added, give the value of the function of 

.[ I I »v‘ cos O-f j j /■/ d.r dO cos I ; . 

if iimlUj)l)Cfl hy one third of the circular incitsuiv. of aujiular interval and the 
loiigitu(iinal'interval and divided hy three, tliis j^ives the 

inoinent of \vedg(‘s nncorrectod. 

SrEeiMp:N or riiKi,iMiN.\KY Tahlk 

Watkju’I.ank at ^0“ (say) iNCUNAnoN. " 


Sxthnw'gt'd Wedge. 


Nuiii- 
ll(T of ' 

Old I- • 
tiaU's. 1 
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I’M- 
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1 

1 
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og 

- 
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1 
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1 
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1 
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1 
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3 
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G 
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2 
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2 
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4 
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4 
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2 
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•1 
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1 
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1 

re 8 

‘J 

11 6 

8? (i 

2 

(17 "2 
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2 

390 *2 

, 

s 

f. 4 


21’6 

20*2 

4 

ni;-8 

157 "5 

1 

630 0 


51 


li 

10 4 

•27-0 

2 

54*0 

J 10-t. 

2 

281*2 


10 

r>”(5 

4 

22-1 

31 -J 


12;V6 

175-6 


702-4 


]1 

d-i 


,;■< 

41-0 


41-0 

262*1 


262 I 





171 0 



,1085 0 
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1 
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9 (1 
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B? 

The volume of the corrcctiiif* lavov has been found.. 

The C.G. of the correcliuL^ layer can be found as follows 
If the volume is small, ibe (' (b of uiiturjdaiu’ is obtained by 

dividing the ii)t„ J |(if rf,. -wiiid, win 

give the 

C.G. of the cor.-octing liuer witli wifKuii'iit lu-cnrucv. 

The true tl)iekijes.s of the liiyer ciiu he ohtjiiiied as fuliows ■ 

If (v^^Vn) i.s largo tho appro.Miiiato (hicknosK of the layer is j (r, + r„)dj.- 

Draw a new watorplaiie MN (iig, 42) at flic distanoc of this thicknoss 
from 0, and find llic area and nioinenf' of this lu'w plane ahont 01*, a 
pe^endieular to it througli O. If ( 11 , 1 ^ 11 ^,) is very large it may he necessary 
to draw an intennediate waterplano and lind its area and nionient. I’lot these 
three niongnd . .-nd fipd the area of this moment curve. This will be the 



moment about 01’ of tlio layer hoir.ided hy the, plane M N and \V L. The 
area of the #rea curve will give the volume of this layer, which will 
generally be ne! quite equal to so that a i/iall futther correction at 

M N must he made,»whieh oilers no difficimy. Also, the area of the mmnent 
curve, divided by the area of the asea curve = diehinct; of C Gjif layer from 0 P. 

The corrected mofnont of wedges is V.BU; from this we suhtract V.BG 
sin d and wo get V.(JZ, and dividing hy V we get <1Z. 

y.h is got in a similar way to V.GZ, o.veeiit that we have a new column 
for sin 6 instead of cos 0. ."iid a now column for (W].,i/|/i, + a.,.(/„//.,), etc. 

The sign of tfhe corrtetion for lay^r is detonnined from the formula 
already given, and uw*y shortly he remenflicred hy the phrase “like sidqp 
give a negatir^orrecti^iii.” Ajipnidage corrections may have to "S made 
for bilgo-hfi()Ii!^haft-bos.ses, and propellers* rudiV'rs, partial or complete 
deckhouses, but they are all simply corrections of the position of the centre 
ol gravity of th^ suluperged wdlume, and their cireet is deteruiihed in the 
same way »s the other corrections, viz. by taking moments about 0 P. It 
must bo remembered that the biioyaucy mlded in underwater appendages must 
be deducted at Ihe waterline, so that the real volume of the layer cdrrec- 



Angle of 
Inclination. 
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SPKCtMEN OF COMKINATIOX TABLE. 

Stability \t 40* I.ncljnation. 

* Submerged Wedge. Hoth Wedges. 

A. B. a 1). K. F. 0. « 

. i J-; r/5 . ^ Statical 

; I & i Stability. 


A i 


Dynamical 

Stability. 


'^2 o „ 

5 « " a s„' 
j:.£ sg-g’.i 

;1 IH: 

1 = -a 


0” I . -KiO t) 1 400 8 74.'’i8 4 1 74'.«i 4 j -768' .87ir(i -8428 4793-0 

10" I .. r.2r.-.« 4 2103-2 7471-7 4 2<i«,S6-8 I 888 i 20882 0 5* 14!)43-4 

20“ I ... 821-8 2 121.8-1 7ni!;-8 2 I,88!ll-2| -940 , 14!l.-|5-7 -Ol'/U 6431-8 

30" , 491 1 4 1081-4 .8749-.1 4 22997-2! -9S.8 228.82-2 -1736 3992 3 

40” 68-0 381-7 1 361 -7 4061-3 1, 4051 3 ' I'OOO 4051-3 0-.6’ OOoO-O 

\\r:hl.y(ie 6135 1 732‘M-8 129163-6 


Ji 

1 

2 • 






-- ^ 

^ 1 

■|o 

3 ! 

fj 'o 

^ i 


i 
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1 

525*8 

4 
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2 

491 1 

4 

361*7 

1 

1 


61351 

4215-9 

Difference | 1910-2 


959-6 

i Angular interval ’O.-iS 


24411*61 

^ Angulaj- interval *0.687 


'V r‘'2i‘2 

• 0.68 


14ir.*87 

Ldiigitudinal interval 9 

Moment of wedges uncor. 1*271*J*8‘> 

*■ (au'iection for La\<‘r 200 40 | 


Longitudinal int<‘i val 

Volume of l 
oorreetnig layci j 


-r Disjilaccment .642.6 


-•43 i-1943-'j7 

1_ 64-25'- 

2-312 ’91 

‘.602 1><J 'cr» B *38 


“ll(>sin0-^*78 x*643 = *uO2 (;Z = 3 81 


Emerged Wedge. ! Area of Inclined Walerptane 1 liieknass of the 

—!-K- 1 Kunetjon of are.*!, submerged side .68*0 ‘‘’^^‘■^ting layer. 

... ' 460-6 I 1 - 460-6 ; . = ^ 

. 


0* 

... ' 460-6 

1 1 460*6 , 

10" 

... ' 3119-ff 

4 1 1596 0 1 

20" 

.. ' 341*2 

2 ! 682-4 ' 

30“ 

... ' 300*0 

4 j 1-200-0 1 
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48-2 276-9 

1 276-9! 


{ I'/D-U J 2,0-V ■ qrr.B . . . 

1 I Correction for GZ. 

__L._ MJ.it. 

^W.r'lxilQ 1215*9 , ('entreof Areaoi'Inclined Watenilane. ' 

_ P 4- f 4 I -J 4>4„ C (i from OP 

I'UUcUon (*f nnmieiit, sub side 361*7 501 x *4 = 200*4 

i 4 >1 j. cm. 


Excess on submerged side 

* < • 

42-4x9 


— Distance of centre of area 


- . 

Cori'eclion for h 

501 x.’^^^ai.pro7.) 

= 601 X -262 
‘ =131-2 
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tion is not simply (" 1 '^%), but this witli the volume of appendages subtracted 
according as (r;, - is positive or negative 



Fi(i. 42. 


Tl»e dynamical stability, or nithcr V. l!,l!, is’i'onud similarly to the V.BR, 
except in column (Id the sine is tilled in, and the product of this column 
with column ((I) integrated and mnlti|)lied by the same factors as for 
.statical stabilitj'give the uncorrccted V.B|R. To correct for the layer, its 



✓ Fin, 43. • 

nioments musW«^^ikeu Shout the waterline^W L 'uid suht|^icted or added 
according as*the sign of (e, -r„) is positive oj negative. 

To obtain 0 Z the value sin 6 is subtracted, and the remainder 

di^ded by V. * “* * 

To ol)tain*the dynamical arm V.JiGVers 8 is subtracted, and the remainder 
divided by V. * 
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The restijts of such a calculation are plotted in the usual manner to 
recognised standard scales. 

, The base line is used for degree moasureinents to a scale of in. = 1 . 
The ordinates arc values of (} Z or dynamical arm, and are set up to a Scale 
of ] in. = j’j^tli of a foot. ' 

In edch case the ordinate to a scale of J in. x gives the statical or 

dynamical jiiomcnt of stability in ft. tons. ‘ 

At the aliscissie value of 1 radian, or .o7'3°, an ordinate is Msually drawn 
equal in length to (1 iM in the upriglit. In figure 4.3 let A (4 be the statical 
curve of stability from the results of the cjilculation in the tables. 

On this curve = 

Oraw h A. Then h A is tangent to the curve at zero degrees. 

-flJlt 


We have .-dready seen that h’M 

and 7M - 


de 

• 

d6 ' 


^ See p.‘ 10. 




when $ approaches 0, Z approaclies (.}, so that for zero value of — -s»GM, 

dS 

so that the tangent of the angle wliicdi the tangent at A mi^feji >■ qb the axis 
of .!• eipials (I ,M. If, therefore, wo sot off' (IM =ufy at d = 1 and join AA, we get * 
the tangent to the curve of (4 Z at zero. 

.'Similarly, HR == Ii(i sin d + (JZ. 
dti 

but 1!|R.-B(1 vers 6 = h (see p. .bd). 

diB, Iv p. . a dll 
-'•-t—-1>(. Sill 

t/,d de 

u ’ /<’/ d// 

Hence (<Z = - 
di) 


(IZ at 0° is zero, 
hence .-it 0" is 0,. 

that is, a curve of dyn.amical arms has always a. horizontal tangent at 0°, or 
at any other position wliire (1 Z is 0. Ijenc.e .a condition of ecpiilibrium is 
that the curve of dynamical arms^hall have a horizontal taiigout. 

DeterminaJ;ion of Cross Curves using *the Integrator.— We have 
seen in the general treatment of the stability of a* floating body (in the 
discussion of a sui'faoo of stability) that cross curves may be readily obtained 
from a series of ordinary enrves of statical stability (G Z), and, conversely, a 
scries of (4 Z curves may be obtained fi’om tlic cross curves. Hence if we 
require curves of statical stability for several odliditionlWof a vessel we can 
^oblahi them from a scries of erdss curves which lia>'' been constructed for a 
rangt"*f displaoemciit varying Iwtweeii the lightest ^id'ltie,heavicst draughts 
for which the csrvcs are rctpiired. A method of determining . •'iias curves of a 
given vessel by means of the integrator may now be described. An ordinary 
stability tiody-plaii with sections for both sWss (if tbg “hip is first prepajjed 
in the manner described for the jiolar metlfod. The limits of dieplacemenjl 
must he determined within which the cross curves are to he made. Ifi order 
to ensure accuracy within those limits it is important to* make this range 





FlO. 44. 




62 


THE DESIGN AND CONSTRUCTION OF SHIPS. 


greater tbaii.tliat from the light to load condition.s, as the form of the curves 
for tlie extreme eoiiditious is more iicciirately determined by having points 
outside the limits. 'Phe cross curves are generally “ fair ” curves; and if the 
spots are detei'miued at some displacement otitside these limits, the curves 
thcmsohes are more easily drawn, and eonsecpiently Vewer spots require to he 
dutermiqed hetween the light and load displacements. On a separate tracing 
paper a series of parallel lilies re].)resenting w.atci'iilanos .is drawn. The 
uiimher of those watorplanes is generally from four to si.x, according to the 
nature of the change of form of tho vessel vithin the limits, and the distance 
apart is determined hy placing the pa[)er over the liody-plaii so that the 
ligtilest am], deepest waterplanes are at a less and gi'cater draught re¬ 
spectively than the light and load watorplanes. The position of the water- 
planes has lo he judged so that they contain the required range of displace¬ 
ment. On the hody-plan axes for momenf s may he drawn, so as to radiate 
from a. eomnum iioint such as the top of the keel or any other tixod point m 
the middle line. The angles of inelination of the axc's' correspond to. the. 
angles of inelination for which we wish to determine tlie cross cuTves. 
(leneraliy, tlie angidar interval clioson ip hh , giving six erixss cnr.ves, so thjts* 
the maximum iiiclinatioii considered will lie ilO'. (leneraliy, for .all practical 
purposes, T.h' or NO” is a. sufticient inclination. 

The Calculation of the Moments and Areas of tl|^^‘^ j;s„.'erged 
Parts of the Sections. —it is fomid that the integratin’ is the most eon- * 
venient and accurate instrument Cor tins purpose. Siqqioije we want to 
determine tlie cross curve I'nr .an inclination, say 1 .a'. Till' licdy-plan sheet 
is jiinneil down to a large level lioard. Over tins is pinneii tile tracing with 
the waterplanes porpendienlar to tile In" axis for moments. Fig. 44 shows 
how tliis is (lone. The waterjilaiies are Xos. 1, 2, .'1, and 4, and tlie axis 1’ 1’ 
for moments passes tlirongh K, tlie top of keel. The angle lietwcen tlie hody- 
plan middle line and 1’K P is tiierefore l.h". Tho fig 41 also shows how 
tlic integrator is placed relattveiy to tlie lioily-plan. The liar is laid'down 
parallel to I’ K P at a distance from it determined liy tlie set pieces P and P, 
and tile integrator is placed so as lo rim in tlie groove of the har. Tlie 
moment wlieel will give a moment reading ahoiit the axis P K 1’. A. starting- 
point is seleeted, and tlie tracing jioiiil of tlie integrator is guided clockwise 
over tlie wliole. of the snlmiorgi’d part ol one of the sections np to one water- 
piano. When till' pointer cotiii's liack to tlie starting point the readings of 
the area and mij'iieiit x^ieel are taken. ^Tlie pointer is then guided over 
the .otlier sections in order, aiiij^Similar readings are hiken for each. The 
readings tlnis ol^tained slioiddho |ii’it in aiahle of the form shown opposite. 

Wc have thus one talilc of rosnits for one inelination 1 .' 1 ° and for each 


waterplaiie Kacli reading recorded ,(•''■'^'®P°’‘ds to one section, one inelina¬ 
tion, and one waterplaiie, and consists of an moment 

reading. Instead of taklms alisoliite readings foi ol,servatioii, it is better 
tosiihtract thepn vious reading Iroin cneli iiewreadi .ir utaHveord tlie difference. 
This can iie done in tlie talile iii the colnmii ‘ ” ^fter each 

*coiiiu'*‘'neade(i “ readings," This inetlnid avoids se;,.mg ,j vvlieels to zero at 
tlie end of eacli.'iliservatioii, aiiil so avoids wearing the nistiu. ,, always in 
tlie same place. Tlic diHoreiice jolnmii tiierefore gnves the '•eadi^g^ 
actual areas and moments of tlie neetioiis. If, the Fj spaced JlO 

Simpson’s Rules tlie figures in the difference column '’‘' ‘""’^ilied by the 
corresponding factoi-s whicli are put in a column at the left-hanj 
thus get the functions wliicli o.an be added up for mtegration. 



Ta^le I. 

Table fob Cros^ Ct^RVE at Axole of Ixclixatio 



l^uniber of 
• Section. 


N W 


tn o t-» CO o) o o 


Sa^x *20X71-: 
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Tlic sum of the area column gives the function of the volume for the. 
correspondhig waterplanc, and the sum of the moment column gives the 
function of the moment of tliat volume about the axis PKP at 15' inclina¬ 
tion. Those functions are given by Su; and etc. in the table. 

The righting lever is found by dividing the moment of the volume by the 

volume, evhich is the same as - —1 x factor for scale. 

In order to determine this factor, 

Let 20 — scale of integrator for area. 

Let 40- ,, „ „ moment. 

Let the body-plan be drawn to a scale of w,— i.e. - -1 foot,—and let 
longitudinal interval of sections be I feet. 



SCALE OF TONS DISPLACEMENT . 
Fm. 45. 


Then the volume m cubic feet= Srtj x x 20 x 


/ 

.f 


and the'moment'in (foot)'' = 5»a, x x 40 x f-. 

_ 0 ^ 

Therefore distance of C.Il. of Voluific from'a.xis P K P t 




.After the readings have been,.tilled in the table for the first Cross curve, 
the results should be worked out before the, iptegrator is adjusted to a new 
inclination. An error in the readings Ciin be somcLiines detected at tbis 
stage, and can be rectified before the ealculation for another oPbss gurve is 
proceeded with. The process for a now curve is e.xactly thosame. 



SCALE OF GZ . 
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W6 have now a series of K N’s and displaoomciits for each inclination. 
These may be set off in curves of K N’s to a liasc of displacements. Where 



practicable the scale of K N”.s shoidd be the same as that of (1 /’a, viz. \ inch 
~ 1 foot. This will give a largo ordinate, Imt the base need not be a zero 
value. The manner in which this is done k shown in tig. l.'i, thdy one 



Fica -17. 

curve has been drawn, for the sijse of clearness. This figure conUiins the 
results of only one tebru'v viz. labtti,for the inclination 1.")°. 

The jictuai diagram of cross curves eontains a series of curves correspond¬ 
ing to a series of inclinations. 

VOL. 11. , 



'(jonditioni’'"'''^" ’'«t''''een the light and load 

enrS,ra™th' curves and o.^Iinao' 

Ihh'ia.nditious h.r ahich ordinary curves have been 
fimwii are fully noted. 

In order to obtain an ordinary curve froni the eiven 
cross curves, it is necessary to know the condition ol' the 
vesse . A list is made describing the various conditions 
fot winch or, inary ,mnes are rc,|iiired, and giving also 
foi each condition the corresponding displacenient and 
lioij'lit of centre of gravity. 

liOt A he the disjilacenient of any condition of tlic 
vessel for whieli the height of (J is given liy K (b We 
mark on (he base line the disiilaceinont A, sot nn an 
ordinate to intersect the cross curves wbicli give tbe 
eorresjxinding values of K N. 

o“' ‘’'•dinatc at inclination ft 

I lien l\N ^ h<l sin + 

or (I'/j -- KX - K(J sin ft Kig. 4M 

Therefore we get (iZ values by subtracting tin- 
eorresjioiiding value of 1\(,' sin ft 

Table II. gives a list of tbe conditions and tlio .■orrespondnig heights of G. 

Tabi.e n. 

Nt>. . A = ( ). K (^- 



Inclination. Sin ff. ^ K N. .KG sin (/. ! ^ j 

J ; or G Z. 


0 ., 


Bin 0 j 
sin 0.J ' 
sin : 
sin 0^ 
sin 0r 


The^ifeUuKf .chebycheffs Rules Calculations.— 

’’"olilic'' ' obtaining eross^ciirves that has jb* been described is tuucl\;^;^ 
by using Tcbebycheff’s Rules fur tbe spacii,',./^^^ tbe sections. The 
rule that is most coiivciiient to use for a stability calcfti*'<)n is the three- 
ordinate Rule. The application of this Rule to sliip calculation has been fully 
treated bi Chapter XL, Part 11.' Vol. 1. 

If, instead of the ordinary spacing of secLiolis, \vM‘‘'nse thehree ordi!»te 
Rule for Tehobychett’s spacing to give fifteen sections and make atahiljly body- 
plan, the suhseijnent process of determining cross curves oi, the'rocoss of any 



METHODS OF FINDING STABILITY. 


67 


stability calculation is much simplified. To do this set off from each ordinate 
at Yjth of the length a section .,*5 ^2 from this ordinate. 

The labour of tliis calculation by Simpson’s Rule by the integrator method 
partly consists in observing and recording re.adings for each section after the 
pointer has gone roiind’the perimeter of the section. On looking at the 
table wc see that the readings have each to he subtracted in snccewion and 
multiplied by the corresponding Simpson’s Multipliers before they can be 
added for the integration. If the sections have been spaced according to 
Tchebycheffs^tule.s, the readings ihemselves are functious, and therefore each 
reading does not re(]uiro to be noted separately. The pointer of the integrator 
may therefore be towed in sueeession round all the sections up io one water¬ 
line, and only tlic final readings need to be taken. 

The final readings correspond to the values S'l and in Table, p. 63. 

The whole vlculation can be made in a t.able of the following form 

• • • 

JlKsuj/rs (){• lNTtr.u-\f'OK Kk\1'1n<!s in SKcrroN.s Sfa^ki) to Tohkhyoubfk’s Kule. 


Ineliiiatiuus. 


Watoi» “ 

Pianos. 

I An . Moment 

Reu'liri". •Reading'. 


Area , Moment 
Kcadin^. Reading 


Area 

Reading. 


Moment 

Reading. 


Ami 

Reailing. 


M oment 
Reading. 


Totals Sn* Siii, 2f(, 2a,, 4 2»i;, Suit 

• * 

If the threo-ordinate Rub has been usdd and there are fifteen sectfons, 

• * * L • 

the multiplier, alter a'ldiug the function, is p, where L is the length of the 


Let the scale of boUviplan be -=1 foot. Then the multiplier for 

• * u • 

displacement is ' • 

• 2 (J*x X -Ll.\ = culiic feet. 

15 ; 


The multiplier for momeijts js. 

L \ 

■ 3 ' 


(4()x«»x^^) = 
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The multiplier for K N is 


8Ln» 

,1 


4L»i2 

3 


The nuilti[ilicr for K N is 2n as before. 

The table shown merely arran^o.s columns for the readings of the 
area and ^moment wheels at each iucliiiatiou, and each waterplane for each 
inclination. , 

All that has to be (lone is to multiply the %a values by ^ to obtain 

displacement in tons, and the K N values by 2n to obtain values of K N in 
feet, and the. information for sotting up the cross curves is complete. 

In order to shorten the work, and as a means of affording a valuable check 
on the correc.tness of the work, the volumes of the parts between the watery 
planes are treated se[)arately. Supposing the body-plan seetions to bei^S 
Tchchychelfs spacing, w'e can deal with the volume up to the first waJe*|>»TO^ 
and find S'* and Sm. The values of S'* and Sw* for layer between water- 
planes Nos. 1 and 2 (;an he found. The layer betw'ccn Nos. 2 and 3, 3 and 4, 
etc., may be similarly treated. All that has to be done is to go round the 
parts of the sections and between the wntorplanes. The last operation is to 
go over the w hole sections up to waterplaue No. .5. 

Let A, and M, he the displacement in tons and the-jnosss“V.of the 
displacement of the part up to the first waterplane. 

Lot (f| and «(, be the corresponding (juantitics for the layer between 
vvaterplancs 1 and 2, (L and m, the (jnantities for the layer .between 2 and 3, 
and so on. 

Let A, and be the values for the whole volume up to the last 
waterplane. Then we have 

Mj = M, -f Hij H- m., + ni.j. 

This gives a useful check on the intermediate steps of finding the 
displacement and moments of the volume up to the intermediate waterplane.' 


KN, = |', 


- + 

KN + 

“ A,+(<,+(/,,’ 

c N = M*=_'’:3 


KN, 


A| -t- 'f I 4 (fo -h 'f., 


stability by the Integraph.— 1 f the sections are spaced for TchcbycheCf’s 
two-ordiuatc Hule, it is convenient to divide .*he length of the ship into, say, ten 


equal intervals, then to space off Tchebvchtff’s abscissa; ( ^ x 

' " \ J3 20/ 

side of each of these divisions. 


on either 
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Sections are drawn where the Tehcbycheft' ordinates come giving twenty 
sections in the hody-plan. 

The rule for three ordinates can be conveniently worked by dividing tlje 
length into ten divisions as before, and spacing oft' tlio Tehcbycheft’ abscissse 






. -!f.\ fro’'! divisions Nos. 1, 3, 5, T, 9. 
, J-l ■ 


Tins method gives fifteen 


ordinates. 

Tt is noco:;s!irv to make a stability bixly-plaii of complete sections. 

Vessel in the Upright. —We can draw the displacement curve by 


means of the integraph in two ways. 



(1) By integraphing fhe areas of body-plan sections, and then summing 

up the ii^rsec.^'t’ns of these integr^)hs with the waterline 

(2) By snnuiiiug up the waterline ordinates so as to makq^a curve of areas 

0 ^ watcrplunes, and then integrating this curve (fig. 52). 

The second methrjrl is tlte easier. * 

To obtain froni displacement^urve the C.B. curve (fig. 5.3):— 

Let 0 D be the displacement curv?; in terms of draughts 0 X. Integraph¬ 
ing this curve along 0 X we get a moment curve 0 C. From the mornent 
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curve wo can get tlio centre of buoyancy corresponding to any waterline a c 
by drawing tbe tangent at c to intersect 0 X in B. As there often is a 
practical difficulty in drawing the tangent, we may use the method described 



at p. 163, Vol. I. Let d be the intersection of the watorho^Siiinlhe dis¬ 
placement curve. 



,Fir.. 63, 


represents displacement to draught 0 a, and r. represents the 
moment of that displacement about the waterline a{ a. ' ^ 

rtc . . 

.'. ^ gives the distance belovt a r of the centre of buoyancy corresponding 
to that ivaterlino. 

In this way the centre of buoyancy heights can be obtained by finding ratios 
a c to (f d, and setting them off in terms of draught in the uilual manner. 
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Piissing now to the consideration of the vessel in the inclined 
condition. 8ee fig. ■'>4. 


/ 



Ait|;I !^]jcmiiition t), 

(1) Set off a curve of area.s of waterplanos on 0 ,\ as described for the 
case in the iipriglit. Where any obvious irregularity occurs, such 

CURVES OF 





Fio. 55. • 


as at tliij deck-edge amidships, a wa^rline should be,drawn there. 

(2) Inldgraph this curve along OX, thus getting the displacement 

curve 0 D. . .♦ * 

(3) Integraph the curve OJ) *0 get the moment curve 0(!. 

(4) ‘By drawing tangents to the moment curve, or by taking the ratios — 


/!/» 
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(1) Integraph these watorlme area curves to get the diaplacemeut curves. 

(2) Integraph the displacement curves to get moment curvc.s. 

(3) I'rom the moment and displacemenl curves construct tl.l!. curves. . 



Fio. 68.—Stability Body-Plan. 
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(")) Tlie iiitorsei'tiiiii of tliese water!inos with the CU5. curves gives the 
depth of C.l). for ciicli inclination and constant displacement A. 

■ fh) Draw the waterline Wh (inclined at the corresponding angle of 
heel), and s(‘t oh the distance a t to thi.s At' h on the body-plan 
(fig. oh), where <i h is the dejith of C.B. found for this inclination. 

\ line *^hrough h ])arallel to W Ij gi ves a tangent to the isovol. ] )raw a series 
of these ta.ngents for the different angles of heel for the constant displacement. 
An enveloping curve to those, tangents will he the isovol for A. 

A aeries ol these isovols may he drawn for varying values of L. 



The values of A chosen are percentages of the total displacement of the 
whole total, nsnally 10%, 20%, to 90%. 

From a serib of Isovols to construct an Isocline Curve for a 
chosen value of d.—Draw tangent to the isovols at d (fig. 57). Tangents 
paralKU to (he waterplanes touch, the isovols at the co?'reapouding C.B.’s. The 
points of contact lie on the isocline. The endings of the isocline (the points 
H and T) can he determined. 11 is the same for all isoclines. T is the 
lioint of contact of the tangent at an angle'd to the midship section. 

Examples of Stability Calculations. —The calculations which have' 
hecn appended are examples of the methods that have been described in this 
chaplei'. The following mcthixl is by the integraph. 











UMCM or DiSi’lAlEKEitl CilRV 



, CyWES OF DISPl ftCEMEU T IK TEBUS O F DRAW 
J \T DIFFERC MT AR CLES O F INCLINATION AND JI1I!E5P0NDI»G 


COMPOSITIONS OS THE CENTRE OF BHOTANCY . 







5 
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(>0%, 70';, anO SO'/ of the total \oInni(*. ?)rn\\iii;r lines ]«trallol to the corre- 
spoiiflinii uai'T[t|:uj4* for any of the ahova* pena'ntaL'es of totfil volume, the 
correspomliii^i iso\ol can he drawn. Tlie coniph’Lo set r»f ibovols and isoclines 
arc sliow ii in 0 !. 

A j/a>re correct nauhod for drawiiiL^ (he iso\<>ls and isoclines is as follows. 
It m-cr'SMlates tiic ii.''e of (he inti’jjralor. The hod> plan is driven in fig. 62, 
I’lalc II. As in finding cross cur\c^, the nionicnls and areas of tlie submerged 
sc<‘,(ions arc uhtaiiied h\ tlic intci^ralor about a horizontal axis, and also about 
a v<-r(ica] axis iMvidin^^ the moment rca«lin;rs by the ctiriasponding area 
rcadint;s, wc gut th(! distances of the centres of buoyancy from tliose axes. 



Vfl llcal •'fjlr- I'l 

IM-a!'—lin clili - •- y: I't. 


'rhc<c distances have bet'ii ploKed in liu* O-h ITile 111., ,\* it is more convenient 
to oliiain (lie \«’rtical lu'ights ef. (he cculre oV buojiancy in the same way 
as dc'^cnbi'd in the prcMoiis mctlmd by the iniegvapli. Hence it is only 
neia'ssiiry to record tlie UKnnents ami areas about a vi'i'tieal axis gi\ing the 
positions of centre of biio\ane\ from the vertical axis at (’ach inclination. If 
tin* arc.i n'adnms be plotted, wi' have tlie displaeement curves, and by 
iutegra[»bine: ibesi* curves we can get the curves gixiiig the vertical heights 
of tin* ct'Ulrc of huo\aney. 

In standanlising tin*-isoclines and isovols u is belter to first plot the above 
(wo sets of cu’W'es in terniv iff percentage of disjdaeemcnt. This has been 
done in fii: (H. 'I’hc iso\<»ls > and isoclines curve> have been drawn on 
the bod't pl.in of tig. fi*J, IMatc ii , and tlie standardised isoxols and isoclines 
arc slnnvn in tig. (>•“>. 

Kxamplcs of statical stability curv«'*s ha\«* been appended. 

, (’asc p. Tv'^, is a fast .Vtlaulic passenger sieann*r It will he seen that 
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curves have liecii ilr.iwii for ten difl'crciit coiiditioiis of tlie vessel. These 
condition.' 'ire fully di’soribed in the T.ilde A. The most stable condition is 



>;n. h, «hieh is the condition at the end of .i voyage, thctl M being 1'46 feet. 
Tl|e most unstable condition is the docking condition, Xo.' L’, which has only 
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! 1 («M of ’05 foot. Xone of the l■onllltion^ f^ive ;i iieoative H M. .Sioietinii's 
ves.Sclsof this Idml are in a coixhlion when the (I M is neealivo : ami if such a 



. / /' : / 


\' 


' >, ■ 

,11 

..r''~ 

■ V\'’i t 

;/ 

‘ N '' 4 V 

/' \' P 


\ 


'■'F? 



^ 

JO v/.jy 


b 


I 


condition occurs uliile tlio vessel i.s at sea, iiie<iiis ran In- adopted to make the 
vcBscl stahie* 

Oise H, 11};. Jl> 7, is a vessel which in sf>me e<»nditions has a negative 




Case B. —Cargo and Passenger. 
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GM, as will be seen from 
unfavourably loaded, aud 


condition f<o. 5, in which the vessel is veiw 
with all the coal burned out the (1 M is 



^ <'‘'r '’cssel, with the cxcontion 

of the launciung condition, is Xo. 3,« where 850 tons of water ballast are 
in. Ihe eiiect of'adding this amount of water ballast to the worst condi- 
VOb. II. • fi * 
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tioii wlicii IIk' vessel has I T? negative (iM is to give licr a positive GM 
of-I:!. 

Gase G is aiiothei' cargo vessel about the same size as 15. In all her 
coiKlitioiis she has !i positive G M except in No. 'J condition, where it is 3 ft. 
negative, which will cause the vessel to heel to 22° before .ae(jniring positive 
stability. In the light condition it is least, and equals '194 ft., and in the 



09.—.Stila'lity Ciirv'c. Gasi-J>. '1'. S. Clianiiel Stoiimcj’. .110' s^tS'xlS'. 

Slap intact to ujqici’-dcck. 


G.isi! I).—Giian.msi. Stisamkii, .310 X 12 X l.S. 


, Ng. 1 

Ooiiditioii. 1 

Dispt. 

Tons 

Drauglit. 

Mean. 

G M. 

l^eet 

Max. 

unn. 

I 1 , Lij'lit: Vessel 
j bmliTS , 

eoriiplete wirti water iii | 

1921 

10' lOp' 

1 

1 

1-87 

'1 : with eon 

w.Uer. rest'rvi 
spaces lilletl . 

, jiassenj'ciN, stores, fresh- \ ! 
feed, on hoard. Catflc 1 -' 

22Cr. 

le' 1.1" 

3-0' 

1-79 

1 11 .\s 111 No. ‘2, With coal huiikersainl resojve \ 

1 leeil tanks einply . . . . / - 

2112 ‘ 

11 ' VS" 

2-34 ■ 

1*8 

1 4 Load coiidi. on as /n No. 2, with all 

j ' ca.rj;o hohls full . . . \ j 

2001 

14' Si" 

3'2' 

1*32 

; f) As 111 No. 4 , with coal, IVcsliKvater and 1 
i(*servc feed, uiid sltircs fiuisluMl . . ) 

2720 

13' 11" 

3'07’ 

1*46 


load condition, with coal out and water ballast in, the G M is greatest except 
for the launching condition, and is 3‘48 ft. 

Case I), tig. (19, gives the curves for a fast Channel steamer of 310 ft. in 
length for five dill'erent conditions. I'his vessel is very stable even in the 
light condition, when the G M is 2'8-) feet. The most stable condition is the 
load No. 1, when the G ,M is 3-2 feet. This type of vessel has generally no 
double bottom ; and as she only carries about tlO tons of coal, the centre of 
gravity is not much altered, so that there ie no necessity for having ballast 
tanks. I'rom the curves of these focr types may be obtained the range of. 
stability and the maximum righting arm in each case. 
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Xote. —No account taken of deck erections above upper*deck. 
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In considering the effect of altering the dimensions in designing similar 
ypes, the following points should he noted. 



Increase of freeboard inereasaB range of stability. 

Increas^j of beam proportion increases (i M and iticreases the righting arm, 
but may decrease the range of stability. 
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through ISO". 'J’licse .aic dniwii for seven different displacements, rising from 
1000 tons f)y ccpiul increments to 7000 tons. In this case it is seen that as 
},hc displacement increases, botli the range of stability and maximum righting 
arm decreases. 

Fig. ’i'2 shows the effect upon stability of the presence of free water in a 
vessel, and also the groat effect of deck erections, when watertight. With 
blinkers'empty and 18 inches of free water in boiler and engine rooms, 
neglecting eftcct of deck erections the maximum righting lever is '15 ft., and 
range 17 o'. If the deck erections are watertight the range*is enormously 
increased, and the value of the lover at 70° is ’8 ft. 

Stability of Ships at Launching. —This problem differs from that 
of the stability when the ship is actually at re.st in still water. This is due 
to the following causes : 

(1) The disturbance wliicli the ship herself creates by her sudden intrusion 
into the comparatively small quantity of water in the vicinity of most ship¬ 
building yards. 

(2) The pressure of wind upon the side of the vessel. 

(2) 'rbe unequal effect of the buoyancy of the bilgeways cqtiscd by the 
release of a larger ijnantity on one side than on the other. 

(4) Shifting of loose weights on hoard. 

(.’>) Heeling action due to the checking of one drag chair, bcfjire the other. 

l'°ig. 72 shows curves of stability at launching, of vessels of the same' 
dimensions but of different block coefficients and the same vortical position of 
centre of gravity. 

I'kg. 74 shows curves of stability for tlie same vessels as in fig. 72, but 
with the (!.(1. arranged to give all a positive (1 M of 1 fool. 

Fig. 7r> shows curves of stability for tyjics A and C, and also for type C 
bronglit to the same displacement as A-- 

(1) lly inerease of length and beam. 

(2) lly inerease of length'and draught. 

Stability required. The amount of stability required for any particular 
eireimistanee of wind and water for any jiartie.iilar type of vessel can only be 
a matter of o]iinion based iqion experience. It is jio.ssible to determine how, 
nnieli righting arm and range any ve.ssel will have under any assumed con¬ 
dition. Tlie amoimt whieh she ought to have for any condition of wind and 
weather can best be determined by reference to the coiTespouding data of 
ships which liavj siiccesf,fully w'ithstood pimilar conditions. 



PART V. 

RESISTANCE. 


OJIAPTIJR VI. 

PRELIMINARY. 

The subject of resistance of ships lias had a fascination for many at all times. 
The form of least I'osistance has been a subject which has had as much charm 
for some as the philosopher’s stone has had for the alchomist.s. fS'ewton evolved 
a form of least resistance, not necessarily for a ship only. Lord Kelvin has 
determined forms of least resistance for bodies moving on the surface of the 
water. Every naval architect who has designed a shiji has attcmjitcd to jiro- 
duce the form of least resistance consistently with all thi! other comlitions to be 
fulfilled. The problem has .so far proved to be tdo ditlicnlt for mathematical 
solution from a jn-un-i considerations. 'J’hc only solution «hich even in an 
appro.vimate degree can bo considered reliable is the e.vperimcntal one. 

, Beaufoy’s Experiments. — Until the end of the eightoenth century the 
only ex])erimental solution of the quostjoii was on the forms of full-,sized ships. 
In 1791 a Society tor the improvement of Naval Architecture nndortooh experi¬ 
ments on comp,jiratively.small-sized forms to determine the variation in 
resistance associated with variation of form. The .Soeicty resfOlved to make a 
series of experiments on the resistance of bodies moving through water upon 
a scale much more extcniSve tfian any which Irad yet been made in this or any 
other country. .A portion of the Greenland dock at Deptford,* of about 400 
feet long and 11 feet depth of water, was selected as being suitable for 
carrying out the experiments. The Society, soon after its formation, fell into 
decay, and the experiments were for a considerable jicriod conducted and 
brought to a conclusion by the only remaining member. Colonel Beaufoy. 
The experiments wore carried out under his* supervision in each successive 
year from 179.3 to 1798, buf it was not until 1^14 that the results were pub¬ 
lished. It cannot be said that the results contributed much to^the science of 
naval architecture, though they alforded data for later o.xperiments. 

The early experiments of the fterios referred to were all conducted with 
a pendulum apparatus which wa# made to carry through a tank of water 
the solid whof,e resistance was to be eifcimated. A wooden vessel or trough 
7 feet by 1 foot by 20 inches deep was filled with water, and into it tfee 
• 91 
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lower pari of the poiiduliim w.-is immersed. The pendulum was 5J feet 
long. The did'ereiit solids on which experiments were intended to be made 
were arranged so tliat they could ho easily attached to the bottom of the 
pendulum, and hob weights of dill'erent masses could also be attached to the 
pendulum rod. The momentum of the pendulum could thus bo altered by 
altering the mass of the bob. 

The following are the general conclusions of Colonel Beaufoy on these 
experiments. 

Increasing the length of a solid of almost any form, by fhe addition of a 



4 I 
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cylinder in th*e middle, exceedingly diminishes the resistance with which it 
moves, provided the displacement remain.s unaltered. 

A cone will move through water with less resistance with its apex foremost 
than with its base, -a conclusion which is opposed to the current opinion. 

The greatest bve.adth of the •moving body should be placed at two-fifths 
the length from the bow. Thbre are some exceptions to this general rule. 
Tints, in the double ])araholic,body, the greate.st «breadth should bo given to 
the middle, ai^rl in the double cone it should be placed farther aft. 

The bottom of a floating solid .should be made triangular, as in that case it 
will uiett with the least resistance when mbving in the direction of its longest 
axis, and with the greatest resistance whcnbioving with its broadside foremost. 

In 179.'! the resistanoe experiments on bodies towed through the water 
\^irc commenced. Some were made upon floating logs, others upon submerged. 
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The towing apparatus, which was said to have proved satisfactorv, was arrange 
as follows A tripod, tlie apex of which was about 60 feet above the grounc: 
was made to suiiport on a horizontal bar a system of six blocks correspoudiu 
to another systoni ol hvc sinular blocks also atbudied to another horizontal bai 
upon which was hung a weight, the fall of which gaxe the motive power t 
the forms which weio towed by moans of a rope running round the .s Xu. o 
blocks. Ihe running end of the rope which passed tbrougb the bljeks wa 
led round .the circumtorence of a large wheel about 4i feet in diameter froii 
which It p.a.ssed .horizontally to the body on trial. The tension in the ropi 
was one-twollth of the siisi>eiided weight, since there wen- twelve roiies eacl 
taking an equal share of the weight (tig. 76). The friction of the am.aratu 
ivas determined independently. In order that the body might rapidly attaii 
the required constant velocity, the motion was started by an additiona‘1 weight 



in the form of a diiain in a box attached to the lowe^ horizof.tal bar This 
Cham had its upper end hxed so that «ie weight of it gradually left the box 
-mntatumg it as the bar rJescandi'd until it .was ultimately released 'I’lie 
amount of the weight 6rst described determined the uniform* velocity ulti¬ 
mately obtained. 7t will be seen that the whole ajiparatiis was in principle 
ttie same a.s Atwood’s machine for mea.siiring acceleration. In order to 
measure the velocity of the body on trial, a batten constructed as lightly as 
possible was allowed t<. be -Iraxfn over a trough by means of a silken thread 
'Vlneli passed over a pulley on the axis of Uie large wheel. Thi,s was ,so 
arranged that the bafien moved I inch for every foot moved by tlie model. 
A olock was arranged to marie intervals of timc'oii this moving'batten, thus 
giving sufficient data for measuring fairly accurately the velocitj^ at which the 

“Otiwe weight. The early experiments were 
attended with f^reat ti’ouble and disappointment. 

^ator ^experiments, wdiich were*begun in 1793, and conducted each 
successive year thereafter, gave more trustworthy results. 
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Iho first series, I /9.3, was made up of experiments on the towing resistaflo 
01 a paralleh'pij)edon. Different lengths were tried, and geometrically shaiiec 
mills were fitted first at the bow, second at the stern, third at both ends 
"e Nliapre of the end pieces were semicircular, semielliptical, and triangular 
In Iliose cxpermients wore extended. Sixteen of them have beer 

•selected, and the results jilotted in curves (tig. 78). 



3 lie shapes tried were as shown in figs. 79 and 80. 

1 he lesults taken from flie tables and plotted in terms of sjieeds show 
coiisistoney up to 1.3 5 feet iier second. At that speed the resistance in lbs. 
for tlK.dill'crent types ranged from 109-3 to 34.')'8. In the following table 
the resistances at the speed of 13.') feet» per second are compared with the 
resuslanoes at the speed of 4 feet per «coond. The results .arc tabulated in the- 
^rder of the resistances. . * ■ 





PRELIMINARY. 


95 









96 


THE DESIGN AND CONSTRUCTION OR SHIPS. 


1 Sj>er<] ~ IS'r* Feet per Second. 

Speed = 

4 K('(‘t ]K-r Second. 

i No. 

lbs. 

No. 

lb.s. 

i 15 

109-2 

12 

8-015 

12 

129-2 

15 

8-73 

: 14 

139-S 

11 

9-813 j 

1 16 

H5-0 

8 

10-164 1 

11 

161-7 

14 

11-031 1 

i ^ 

172-8 

16 

12-315 

7 

184-7 

7 

12-357 1 

i 4 

188-1 

5 

12-555 

5 

202-8 

9 

14-329 ' 

9 

213-0 

4 

14-661 

13 

286-7 

10 

21 -98 X ■ 

1 

308-6 

13 

22-44 


322-6 

6 

23-116 

! 3 

328-7 

3 

23-991 

2 

332-5 

2 

24-723 

1 

345-8 

1 

30-3 




fiG. 80. 
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The figures for a low speed, 4 feet per second, liavc also been tabled. 
These experiments clearly show — 

(1) The best form for the end shape is c at low speeds and <1 at high. 

(2) The rc.sistanoc is toast when both ends arc shaped. 

(3) The resi.stancc when the forward end otdy i.s shaped is considerably 
less than wdiou the after end only is shaped. 

(•1) Shape (I is most efficient. Then,, in order, c, A, and a. • 

The omK cnrio'is result is that shown by e.'cperimonts .\os. 4 and o. 

No. 4 is thoshort borlj’ with form u on forward end. 

No. 5 is the short body with f )nn a on both ends. 

At the higher speeds the resistance of No. 5 is a little greater than that 
of No. 4, hot at the lower speeds it is less. 

The dificronce between the results for the short and the long bodies 
having the same ends but witli increased skin area are given in the following 
table. These ...imhers have, been plotted in curves (fig. 81). 

The rc.siflts idving the. diflerenees are not consistent, showing that the 
diflFerenens in resist uico wei. not wholly due to .skin, but that resistance of 
form ''..as some cU'eet on the re^' '‘. This is more evidenced in Nos. 1 and 2, 


TwIii.k miowino IliF'i'inn; i ks iv ItEsi.sTA.vcn winoii .woomcany l)iF'rEitENCE.s 
or AKO or SxTiirACE. 

- _ . _ _ 


1 Feiet per 
second. 

1 

2 

3 

4 


0 

7 

8 

9 

10 

11 

12 

13*5 

1 

i 

1 S9S 


17*052 

30-3 

47 327 

08 129 

92*7»8 

121 09 

153*19 

189 07 

"■ 

228 75 

272 2 

345*81 

No 2 

' 1 28t» 

5-fl30 

13 38 

24 72S 

39 79:» 

58 71 

81*:i66 

108M5 

139 41 

174 55 

213 93 

2 . 57-51 

232-47 

“■ 

•013 

1-948 

3 672 

5-r.77 

7 532 

9 419 

11 142 

12-64 

13 78 

14 52 

14-82 

14 69 

13*34 

No. 9 

(ifl4 

3 i»85 

7T.77 

11 329 

23*49 

35 IHl 

49*5oJ 

66 539 

86*375 

109-08 

134-72 

163-37 

213 0 

No. 8 

lfl4 

2 028 

5 200 

10 IfA 

17 078 

26 096 

37 .K8 

50 917 

67-00 

85 608 

106 85 

130 81 

172-83 

, ^ ' 

26 

1 Of. 7 

2-371 

4 165 

r. 412 

9 08.'. 

12 153 

16 592 

1‘1-37.5 

•23 472 

27-87 

32 56 

40-17 

No. Jti 

7413 

3 0J2 

6-h73 

12-313 

19 36 

28 OK. 

38 29 

.50 \§.i 

(.3 729 

78-903 

95 718 

114-18 

145.66 

No. 15 

4928 

•2-UT4 

4 M)7 

S 730 

13‘80 

20 239 

•Jr862 

3i. 752 

46 9l‘J 

f>h 376 

71133 

85 199 

109-28 

_^ 

•248f. 

948 

2-(K>0 

3 .585 


7 777 

10-428 

13*441 

16*81 

•20 527 

24-585 

28 981 

36-38 


- — 

— 

— 

- 


- - 

— 
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\fhorc the difi’erenec in resistance is jiractically constant at the higher speeds 
of 8 to l;U ri. secs. * 

The other experiments in this series were on various shapes of bodies, but 
lead to no mti'resting result. * 

The later experiments were carfiod out on submerged bodies. ' Some 
of these o.xperimeiits gfive % aood compat^son for estimating the sicin 
resistance. • 

The results deduced from Beaufoy’s experiments were hardly in keeping 
with the then generally received notion that the pointing of the after end was 
of much more importanco than that of the fore end. It is curious to notice 
that the latest experiments of t>r 1!. K. Fromjo, which will be referred to later, 
show that in shipshajie forms of the presenUday of high-sjieed vessels the 
after body can be filled with much less increase of resistance than that caused 
by the same amount of filling in the fore body. ** 

Scott Russell’s Experiments. —It was not until itfol that any 
further advance was made in the< scientific treatment of the subjetT. Mr 
Scott lUissell, whose name will always be associated with that of Mr Brunei 
in the building of the “ Great Easterm” carried out a series of experiments 
and investigations upon the resistance of shipshaped forms in canals. H* 
VOL. II. . '7 
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was the discoverer of the relation which existed between the resistance of the 
vessel and the waves produced by it. His theory of the resistance of a ship 
was stated in the Report of a Coiuinitteo of the British Association in 1869 
as follows; - 



Speed, in Feet per second. 

Fig. 81. 

( 

Viscosity IS resistance to change of shape. A pei’fcct fluid offers no 
resistance to change of shape. 

AValer otters resistance to change of shape, but if time be neglected it- 
offers no resistance; neither do tar, treacle, nor even sealing-wax substa^^gfj 
yfhieh arc classed as fluids. 
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Large waves have very little viscosity in relilioii to energy. Small waves 
have much. The former go on for days, the latter for very short [s'l-iods. The 
velocity of a wave in a canal whose length is many times the depth of the 
sanal = Jyk, where k is the depth of the eanal and g is the acceleration due 
to gravity. 

If the boat on the canal is made to travel at a velocity less than 
it leaves a long train of w'aves behind it. * 

If the boat is made to travel faster than the velocity Jgk it only forms one 
wave, which travels as fast or faster than the boat, and no procession has to 
be formed. 

The viscosit^v of the water eanscs the waves to die out in thi»i'anal at from 
50 to 60 wave-lengths .asteru. 

If the canal has a depth of from three-quarters to once the wave-length, 
the system umves at half the speed of the wave. 

On Ihe^bas's of the ,;ibove, he proposed his w.ave-lme theory of forms of 
ships. 

The following ,uo the chief tx'ints of this priiieiple : — 

A vcsseljnay he divide'' iongitndin.vlly into three iiorlions : how, straight 
niiddle-i.ody (if any), and aiter-bodv'. The midship seetion may be of any 
shape ivhatever, the resistance due to it depending on its area and wot girth 

o»iy- • , 

The lore-bouy must have for its level sections curves of versed sines, the 
maximum ordinate of wdiioh is half the greatest breadth at the waterline. 
Its length mi.st be the same as that of a wave of translation, moving at the 
same sjK-ed as the shiji is intended to have, in order that the resistance may 
be the least possible. 

The after-body must have troehoids for its level lines. Its length is not 
to he less than one-half—preferably tw'O-thirds—the length of an oscillating 
wave moving at the same speed as the ship, jf-s maximum ordinate being 
half the greati'st breadth fif the watcrliim. 

The straight middle-body may be of any length, to suit the necessary 
requirements of stability, etc. 

. Snhjeel to these conditions, the resistance of the ship will he expressed by 

(K©-)-K'S)Y‘- 

wdioro © represents the area of the midship seel ion an* S the wetted 
surface. K and K' are coefficients, Mic former of which is roughly oilc tenth 
that duo to a Hat pL.ni dra^vu flatwise thijnigh the water, and the latter 
depending uixm the condition of the surface. • 

The general tormula for the length of the ship given by tins tlieory is— 

Foro-boJv in feet = . where V is in feet per second. 

• p . 

After-body in feet = ~—- „ ,, 

V 

Professor Itankinc states, as the results of bis own investigations, that it 
is possible to shorten the bow to Awo-tliirds the length given in the above 
formida without materially inore*sing the resistance, but that it is very 
disadvantageous to shorten the after-bedy. 

The follo<ving is an example of the application of this method :— 
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Suppose wc liavp fixed tlic form of tlie midship section of a ship, so that 
B 18 the hoiiin, T) the draught, and the half ordinates of a series of water- 
lines at the midship section are r,„ r„ etc. 

I.ct V he till' speed rcipiirod in feet per second, I, and f„ the lengths of 
fore- and after-hodies respectively. 


'I’lien 




4 ttV* 
3 U ■ 


Suppo.se we take the waterline at r^ as an example. In tig. H2 set off 
(, and acoording to the above foi miihc, and f,„ the length of parallel middle- 
body desired. 

.Set up A Band Cl) perpendicular to BF and D K, each being eipial to 
/■„. lijion A B and C 1) describe semicircles, and divide their circumferences 
into a number of erpial parts, say four. 

Dii ide I! P and D K into the same number of eoiial parts. ' The rest of 
the construction is obvious from the figure. 


-L _ _l _ _J 
*: - la - 



- T 





J X. 

1 

L _ ^ ^ . 



-->iJ 


D 

Kio. «2. 



.Similarly for the other waterlines. 

Seotldiussell's theory, underlying this mode of const ruction, is that at 
the bow of a ship moving through the water a wave of translation is 
lorme.d, and at the stern a scries of oscillating waves are formed. These 
waves, in each ease, mo\c with the velocity of the slnii. The water, when 
ae.ted upon by natural forces only, assumes these forms .at the how and stern. 
^\ hen water at rest is moved from its ecpiilihrium position to make wav for 
the p.assage of a ship through it, the path of least resistaiwe of a particle, 
would he, at the how, the sliixjie of a wave of translation, and at the stern, 
the shape of a wave of oscillation, the sizes of these waves heing such that 
their natural velpcityof propagation is the sjiced of the sidp. Ho further 
mentions that, while in all oases the shape of the how should be such that 
the.waterliiies arc curves of versed sines, in some.cases the shape of the 
after-hody may he such that the'huttock-lines niay ho trochoids. He advises 
making the waterlines of this shape in boats that arc to ho used in shallow 
water, and the huttock-lines of this shape in boats designed for deep water. 
In most ciwes a eomhiiiation of these two .systems is the best. 

It should he iroticed that this is of historical interest only. 





('llAITIiR VII. 

RESISTANCE TO BEING SET IN MOTION. 


A \ussKi. wiiU'r is I'ree to move iii n straif^lit lino if force i.s 

exerted n|ioii it. 'I'lie re.sistiMine to clnui^e of inolion wliieli tlic inertia of the 
liody olttrs 'vill aOsorli some of tl e force, wliile tlie reinainiler will lie iili.sorbed 
by Mm esiiHaiiee wincli liu 'bin. oller.s'to motion tliroii 5 ;li it. The foree uliich 
overcomes tlie merlin of ;lie liody will jirodiiee a. velocity wliicli would eon- 
tinmiliy and nnif.irnily inerinse n.s loiyu' ns the lorce is a|)iibed if llieri’ were no 
resistnnee ki ^notion fioin the llnid or oliier external mediiim. With the 
increase of 'oloeity, however, will inevitably ensue an increase of resistance 
of the thud, which in time will be so gi-eat as In balance the total operating 
force a,nd lea.c none available for overcoming the inertia of the body. When 
this point is reached the velocity of the body will cease to change, or, in other 
words, will become imiform, and the total force will be absorbed in overcoming 
the resistance of the fluid. It is this resi.stance which is usually called the 
resistance of a ship, and it is the determination of this ipiantity which con¬ 
stitutes the study known as the llesistanee of .Sljiiis. The force which balances 
the resistance in uniform motion is known as the propelling force, and it is 
the determination of this which constitutes the study known as the I’ropnlsion 
of .Ships. This propelling force may be created outside the ship, such as in the 
'case of a ship being towed, or in a sailing ship ; or it may be created inside 
the .ship, as in the case ol* rowing, the screw jiropeller, the paddle, or the jot, 
or hydraulic projieller. It may be a combination of external and internal 
forces, as in tin, case of a river barge with sails u|) and the frew rowing, or as 
in the case of an amxiliary yacht steaming with sails set. 

tJonsidei'ing first ' h(* ipieijlion of the force necessary to overcome the iitcrtia 
of a vessel, we can treat the problem as one *of the tim^ reiiuked to overcome 
the inertia in changing the body’s motion from rest to that of the maximum 
velocity .she is likely to attain in a resisting niedinm such as water. 

Take a simple case of a vessel ot 1000 tons displacemeivt or weight, having 
engines ot GOO hoijc-powei-f capable of driving it at a speed of 10 knots, 
A horse-[)Owcr is a unit ol energy or work given oft' in a unit of time—the 
unit of energy being 3;1,000 foot lbs., and the unit ot time being one minute. 
The speed of 1 knot is a’speod of 6080 fee^T (one nautical mile) per hour. 
Hence engines of GOO horse-power are capable of giving off 61* x .‘b'1,000 foot 
lb,s. = 19,800,000 fixit lbs. of energy or work per minute ; and if this work be 
employrnd in overcoming a resistance or force at 10 knots (or 60,800 feet per 

hour, or 101.3'3 foot per minute), th# force will be lbs.-.i 19,.'j40 

lbs. = 8'72 tons. 
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All the cncrjiy of m steam enjiiiic in a ship is not iiMulahle for overcoming 
resistance, and it will he soon later that often not more than one-half 
is availahle. 

Suppose we consider a force of •'> tons to he ooustanlly available. We 
have then a for<'o of i) tons to aj)ply to a weight of 1000 tons, and wc can 
deterjiiine how long this force will have to act hefore the vessel is moving at 
lOld'.’l feet pm' minute. We know that if the h(«ly were falling freely under 
the action of gravity, i.r. if it acre being act-ed upon by a force of 1000 tons, 
it would increase its velocity in one second by </, or .‘Ill'S feet ])er second. A 
force of o tons would only increase its velocity ,i,ths of 32'2 feet per second 
in one second.. If Ibis force acted for one minute it would change the 
velocity , ,1^,^, x',’>'2 2-x W) feet per second, or , |,‘v „ x 32'2 x OO x (10 feet per 
minute = .'iTO'l) feet ))er minute. To increase it from 0 to 1013'3 feet per 

minute would take minutes—1, minutes. Hence if tuere were no 

oi9'() ■ o 

resistani'C other than ihe inertia of the body, it w'ould only take 1^ minutes 
to attain (he speed of 10 knots with a [u'opelling force of .’) tons. Hut as 
the speed increases the resistance increases, so that the force available to over¬ 
come the inertia of the body gradually diminishes. AVheu the vessel has 
arrived at b knots speed the resistance will be about one-fourth what it is at 
full s|)eed, i.r. about 1,} tons, so that there w'ill he only .AJ tois'ieft for over¬ 
coming inertia. At N knots it will he about ,'S'2 tons, leaving only I'd tons. 

On the assumption that the resistance varies as the sipiare of the speed, 
and assuming also that the jiropelling force is constantly b tons, wc can find 
the propelling fori'c availahle for overcoming the inertia of the vessel's motion at 
any s|«'ed uji to 1(1 knots, assuming the resistance at 10 knots to be 5 tons. 

The ('Ui'M's in tigs, d.l a,nd dl show' how' the time taken by the vessel to 
reach the full speed of 10 knots can be I'alculatcd. 

The ecpiation lt=-/'r- give-^ the value of the resistance I! of the vessel at 

t he speed r. /'= is a constant, and is found by substituting b tons for K at 

the full speed of 10 knots, Wc are thus able to find at any speed 

hetw'eeii 0 and 10 knots the amount of force available for overcoming the 
inertia of the slnji's motion. l''rom this we get the 'acceh'ration of the vessel 
by the eipiation . 

W 

a-=T,.-U 

or . a -- ''.(T - h-) 

w here \A' - weight of vessel in tons, 

T = total propelling force in tons, 

11 = resistance of vessel in tons at speed r, 
tt — aceeleratioif. 

The cur\e <t (lig, 83) gives the acceleration so found in terms of the speed v. 
From this curve we can get tlu .uirve showing the distance traversed and the 
curve of time .‘lapsed in terms of the speed v by applying the ordinary 
eijnations 


dll 
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This equation enables us to find the time velocity curve. 

The best way to apply tliis et[iiatiou is to plot the curve of values of i in 

a 



* . 1 * 

terms of Vy and then to integrate this curve. The - curve and the t curve 

a 

I • 

are shown in fig. 83. The - curve n^ay be quickly and conveniently inte- 
grated by using the integraph. ' It will be seen that the final ordinate of ihe 
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1 .... r I . 

— curve is inhuite, so that / .<(v is oo , sii)cc a —0 when /'=V. 

a J 0 a 

This incaiiK that, if resistaiive vai'U's consistentb/ as the s<fiiare of the speedy 
the vessel vercr reaches the speed V, hvt it approaches indefinitehj close to ity like 
the aspiaptotf to the hyperttola. 



, ' Fjg. 84. 

pn 

From the relation 

» a dv 
df 

. V ds /V , 

we get s=:. ..dv 

^ a dr Ja 

wliich enables us to get the distance travorsofl in terms of tJic velocity. 

This curve is obtained by integrating the curve of values of in terms of v. 

' tt V 

Ttese curves arc also sIjowu in fig. 83. 
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The filial ordinate of the S curve is j ' '’,/v and is w . 

It IS more usual to liave curves of e, S, and a plotted on a time base, 
this can be easily done by ineasnrinp: the ordinates of ,S and a and the 
abscissa! value at convenient values of the t ordinate. Curves of e S, and a 
in terms of / are shown in fifi;. 84. ’ 

The acceleration curve boeoincs asyniplotie to the base line. The velocity 
curve IS asynipUitie to the horizonUl line e-V, and the sjiaire curve is 
asyinptotio to a Hue parallel to /-= Vf, wheiv ,/ is the ordinate eorrespondinK 
to the tune / iind V is the final velocity (10 knots). 

Similar curves for other assumed relations between resistibiee and sliced 
may bo worked out in a similar manner. If the actual eune of rc.si.stanec of 
a vessel is known, the \alue of the ordinates of the a ciine can be obtained. 

It should, however, be noted that the force available for acceleration has 
to act iipoit a mass of v\.i,tei, whose velocity is ehaiifiino, as well as uiion the 
ma.s.s ol tlm vessel. This W'M be dealt with in a later chapter, see jiagc 154. 



CHAPTER Vlll. 

PRESENT THEORY OF RESISTANCE. 

\Vk liuvc Nt'cii that the resistaiiec of a vessel iijovint; at a iiiiiforin velocity 
may lie a very small force in relation to tlio weight of the body moved. The 
force jiropelling a do-knot torjiedo vevsel is aliout 1/iOth of its„,weight. In 
an ordinary tram]) steamer carrying -1000 tons dead weight and moving at 
10 knots it is about l/■^00th. Though the latter force is comparatively small, 
yet it is of enormous national importance, and should iSit^h^ despised on 
account of its relative smallness to tiie weight of the ship. \I lien we consider'^ 
the enormous nnmher of ships, wo can see that even a small .saving in the 
economy of ])ropnlsion will mean a large saving of coal in the total amount of 
coal hnrnt by ves.sels. It is therefore of im]iorlanee to .study closely and 
accurately the subject of resistance. The pre.sent theory of re.sistanee, which 
may he called the l''rondc theory, may he stated as follows •— 

The resistance of a ship is made n)i of three jiarts; 

(1) .Surface friction.' 

(2) I'iddyinaking resistance. 

(d) Wavemaking resistance. 

We shall de.al with these three parts separately in the above order, but 
before discussing them it is necessary t'o give a shorl account of the researches 
of the late Dr Froude. It is to the work of the Frondes, father and son, that 
the present (losilS.on of the science is duo. The e,\periments which formed 
the liasis of the late Dr Fronde’s researcli- were mostly carrii'd out at t’helston 
Cross, 'I’onpiay. At the Admii-alty experimcntiil wovks, Haslar, I’ortsmouth, 
they liave been continued by his son. Dr It. 10. Froude, who had most ably 
seconded him (luring his lifetime. As already stated, in 1869 a committee of 
the llritish Association recommended that experiments should be carried out 
on a steamer of known form by towing her at various speeds by means of an 
a[iparatus which would register the towing forcis. It was also proposed that 
further experiments should be piiade with the vessel under her own steam- 
power at a similar range of sliced, so that the relation between the force 
o.xerted by tins engine and tint necessary for tfiwing the vessel should be 
determined. Jlr W. Froude, as a meinbor of the committee, approved of 
these recommendations, but further suggested that towing exjieriments on 
small models of about 12 feet in length sjmuld be carried out so as to pro¬ 
perly investigate the subject. Mr Froyide’s view was: “So great a variety 
of forms ought to be tried that it would be impossible, alike ointhe score of 
tihie and ex[)enditure, to perform the experiments with full-sized ships. The 
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Admiralty (iictiiif! upon the advice of Sir K. .1. Heed, when asked to earry 
out the projMisals of the coimiiittee) declined to do so, hnt agreed to carry 
out Mr Fronde’s jrroposal to try models. 

The basis of the application of model e.xporiment,s to the determination of 
the total resistance of full-sized shijis is dependent on two things : 

(1 ) Resistint'.e dne to surface denoted liy I!,. 

(-) _ .. form „ „ K„, 

Both are dependent on the speed. The lirst is also dependent on the extent 
and nature of the surface. Its amount is delurminalde hy applyiijg the results 
of experiments upon jilanos of various dimensions and elniraeter of surface. 

The second is determinable by model ex]>ernnents. The ri'sistanee of a 
model like tha[; of a shiji is dependent on snrfaee-friet mu, and form. The 
first can be^calenlated from data, available. If the total resistanee of the 
model can be determined, the resistanei* dm* to Irietion can be dedncteil, and 
the remainder wili b, that dim to form. If the form be exactly to scale it 
represent,, the fnll-si/.ed ship • .,i. . if .ve *'an determine the relation between 
the resisi.uiee of two forms *lulbring only in scale, we can determine the resist¬ 
ance dne to form in the fnllsia'd ships. 'I’hi.s, added to the determined 
resistanes du^ l.o surface .ri'tion, will give 'he total resistanee of the fiill- 
^ized shij). .Mr riondc discovered the method of finding the relation between 
the resistanee of forms which differed only in scale. It had been discovered 
belore, but its 'lisi*o\'ery had been lost sight ol and had )irodiiced no practical 
result, ft is generally known as Fronde’s Law* of f loniparisoii, and may be 
stated as follow.s ;— 

If the linear dimensions of a vessel be / times those of the model, and the 
resistances, duo to form, of the model at speeds V|, V„ V., .... are Rj, R.„ 
Rj, etc., resiiectivoly, then at speeds \\ J/, V,, Jl, etc , in the shiii, the 

resistances due to the form of the vessel will be Ri^^ RRyf’^ resjicetively. 
The speeds Vj ^//, \„J/, Y.^U, etc., are called the corresponding speeds to 
V], Vj. 

* From this it may be seen that the resistance of a ship can be determined 
from that of a model. 

It was necessaiv lirst to determine the surface friction of planes of kinds 
similar to the siipfrces o'' models and .ships. ' 

In 1872 Mr Frouele made his report to the British Association i.wi this 
subject, and dotermin d fflie la,w' of variation of frictional resistance in terms 
of speed, length, and nature of surface of the '^ilane. I’" nii tlpjse results he 
was able to determine the amount of the other resistances which his models 
encountered, and tiiereby establish a law for the determination of these 
resistances in terms of the speed and size of the vessel of the same form as 
the model. To these^resistanScs he added that due to the surface friction of 
the vessel, based on the results of his experimcyits on surface friction of planes, 
and so was able to calculate the total resistance of the full-sized vessel. 

In 1871 Mr Fronde pubfished the results ofiltowing experiments on H.M.S. 
“ Greyhound,” in which he showed that, with a properly selected coetlioient of 
friction, the resistance obtained by model experiments was practically identical 
with that measured on the actiuj ship. He also showed that the force 
necessary to tow the vessel was only,4.7 per cent of the equivalent force 
developed in *1110 cylinder of the steam engine, and that in conseijncnce 66 per 
cent, of the total power developed at the engines went in non-effective wort. 
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Hy these experiments he estahlished the value of model experiments for 
determiniii}; the re.sistanee of ships, and ^ave the initiative to the whole field 
of investigation of the prohleni of the best form of vessel for a given sot of 
conditions. Tlic science of resistance was established on an cxperiineutal 
basis, and nothing has h.aj)penod since to shake the faith of naval architects 
in the soundness of that foundation. I’he jiractical value of the “ Grey- 
hoinKl” experiments was twofold: the accuracy of the Froude .method of 
determining resistance was established, and the inefticicncy of the apparatus 
tlum used to de\(‘lo|) and utilise the poxver to overcome the resistance was 
demonstrated. Improvement became possible in both directions- in the form 
of the ship, uid in the elliciency of propulsion. In both directions the older 
l'’roude ra])idly extended knowledge, and before his death, which occurred in 
INUO, had determined cjualitatively and ipiantitatively the causes of the loss 
of xvork between the engine and the overcoming of the rc.sisbance of the 
vessel, and had l.aid the foundation of the first and only satisfictor^' theory 
of the elHcieucy of pro])ellers. 

Dr II. 10. Fronde took uj) his hither's work, and has continued it till the 
present time. I’ractically, the wliwle of the scientific develcpmcnt of the 
subject since his father's death is due to him ; and though others haxe carried 
out exjierimenlal work in similar tanks, it has been largely done for the 
solution of detimte practical problems, iind to only a very sn.all extent h^s 
it been ilom* for systematic reseiuvh. 

Ib-iving outlined the work of I'csearc.h conducted by the k'roudes, we can 
now consider the investigations and e.xjieriments which have been made on 
resistance m the bghf. of the jiresent theory. 

1. Surface Friction, or Frictional Resistance.- I -et us first liomsider 
the natui'O of surface friction. 

The frictional resistance of a body moving through water is due to the 
friction of the water rulibing on the surface of the body. The friction is 
caused by the viscosity of the water and the roughness of the surface. In a 
perfect fluid there could be no frictional resistance, as also would be the case 
if the surface were perfectly smooth. The nature of flic surface to a large 
extent goierns the amount of the frictional resistance, and fora given kind bf 
surface the frictional resistance deiicnds ujxin the area of the surface and the 
relative speed of the body through the water. Frictional resistance is thus 
clearly flistingisisliable from wavemaking and eddymaking I'osistances, which 
depend ujion the Bha|)e, size, and spee^l of the body through the water. A 
thin plane board moving through the watiw wijl exiWriouco a resistance which 
is almost entirely due to the faction of the water on its surface. The wave- 
making and eddymaking resistances will bo negligible in amount if the ends 
of the board are jiointed. When a body is moving through the water the 
particles in immediate contact with the surface are set in motion by being 
partially dragged along with the surfaci' by the friction between the water and 
the surface. This motion w'ill_.also be p<artly conveyeil to the adjacent layer 
of jiarticlcs. The motion of the particles near the surface cannot be a purely 
forward one There xvill miist likely be also a rotary motion, and in the 
rougher kind*; of surfaces minute eddies will exist at the surface* There will 
thus be a region of disturbed particles of water; and if wc imagine aline 
bounding this region, and separating the disturbed from uudistui bed water, we 
have what is called the “zone of friejional disturbance.” It is impossible to 
detei’ininc accurately the motion of tl c particles in the disturbed zone, but 
h-om practical experiments on ship models or on thin boards observations can 
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sasily be made to find the speed of the following wake. In every ease of a 
3ody being towed through the water a definite forward current is observed 
istern of the body. To this current the name of “ frictional wake ” is given. 

In the Chapter on Propellers it will he seen that the speed of this wake in 
j. vessel may range from 5 per cent, to l.l per cent, of the speed of the ship, 
and the otficioncy of the propeller Is thereby increased. 

If we knew e.xactly the mass of watei- acted upon per second by' the friction 
of the surface, and tlie velocity at all jwints in this wake, wo could ('.stiinate 
the frictional resistance of the body'. When a thin board is towed through 
the water, the friction ])er unit area is greatest at the entrance, and this value 
decreases slowly as the distances frnm the forward end iiicreasi'. This fact 
has been clearly demonstrated by Fronde’s experiments on surface friction 
of planes, but it may' be briefly cxplaineil by referring to lig. 8.'), which roughly 
represents the zone of frictional disturliance around a thin board II A, 

At the forw.;rd end. A, the relative speed of the surface and the contiguous 
particles wil> be V, the velocity' of the board. As the distance aft increases, 
the particle.. ba\c a definite fo-ward velocity, so that the relative speed will 
be less than V. Tlie breadth of < b zone increases gradually' with the distance 
aft, Ixca so ttSe motion i;i'|r‘rl.'d to the particles at the forward cud is gradu- 
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ally transmitted to a wider and wider zone as fho plane passes it. The 
friction is govcrneil by' the relative motion of the particles lo the surface. 
The friction iier unit of area conseipienlly decreases gradually as the 
distance aft increases. 

The experimcnls conducted by llr Fronde senior to determine the law of 
wiriation of resistance are described later. 

The late Dr Fronde, in [he report to the liritisli .V.ssociatioii for 11>74, gave 
a iiietliod of delerniining the breadth of the zone of the frictional disturbance, 
which is interestk’ig as showing’the a)iproxiniatc mccliaiiicai, construction of 
the frictional wake, but from which Jittlc practical re.siilt can be obtained. 
The frictional rcsistamc must be eipial to the momentum impai'ted to .the 
particles of water in the frictional wake pen unit of time when the speed is 
uniform. * 

Let F —force in pounds, or the frictional resistance. 

\\’ ~ weight of water ojjerated on in lbs. 

V = velocity of suri'ace in feet per seAiiid relatively to the surrounding 
still water. 

t = tinie during whiSh F acts. •' 

Then ]<V = change of ipomentum in this time.* 

Therefore there must be left bijiind the body, in each second of time, new 
momentum as expressed above, in the Khape of a following current. 

In considfering how this momentum is generated, take at any point ^n 
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elemental layer parallel to the surface of unit depth and thickne.ss dh. At 
any instant lot the velocity of the water in this layer be v feet per second. 
We then .s(!e (hat the ipiautity of water jmt into motion per .second will at 
that point he (V - e) in lenffth, dh in thickness, and of unit depth. Its 
Iciif'th is (V - /I), since that is the length left hchind hy the .surface. Its 
weight is therefore 

-/‘O’ - '') dh, wliere p= Wfsight of water per ouhic foot. 

dir - f}{\ - v)dh. , 

Now if we assume that the current posses.sos Ji. velocity V at the surface, 
and that thip velocity decreases uniformly as the distance from the surface 
decreases, we have 



where II is the hreadth of the zotie, and h is the distance of the layer dh 
from the surf.iee (Hg. SO). 

, Then dw = i){X — v)dh 
\h ., 

If ,M he 111'; momentum, 

.'/ H 11 

//.1 0 H- 


and this must he equal to F t. 
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If t is unity, 



f) — 64, 


_V2H 
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It is shown later tliat tlic resistance in lbs. per square foot on a plane 50 
feet long is -25 lb. at 5-92 knots oi 10 feet per second on a varnished surface. 
Counting both sides of a plane 50 feet long and 1 foot wide, the t(i'al resistance 

is 25 lbs. Substituting in II = i^^-we got H 75 feet ^ 9 inches. 

In a plane 500,feet long moving at 20 knots, H is about G foot. This result 
does not a|)pear to be probable, and it seems as if the assumjjtions are not 
correct. 

Amtmg the earlier exper.men*^ers on this subject may be mentioned 
Coulotnl and Beaufoy. T'l lormor ■conducted experiments on bodies 
suspended so as to swiig. m water, and measured the resistance by the 
decrease in each •uuplitude of llic swing. His results are of little practical 
piiportance. Wit spited .is >ne of the deductions from the experiments, that 
the frictional resistance was independent of the pressure of the liquid, and 
therefore independent, of the depth of the body in the water. 

Colonel Bea.d'oy’s experiments on resistance have already been dcscriboil. 
He also conducted a series of pendulum experiments. From his towing 
experiments, however, it was possible to deduce tlie amottnt of frictional 
resistance ottered by certain areas. His results were not of great p'ractical 
importance. My’ far the greatest contribution to the science of frictional 
resistance has been made by the late Dr Fropde. His experiments have 
become classical. 

Full reports of these ex])erimcnts will be found in the Beporl of the British 
Association for ]t<72 and 1874. The experiments were conducted in a tank 
(fbout 2M0 feet long and ,'}(> feet broad at the top. The water was 9 feet 
deep. The investigations *vere carried' out on thin boards which were towed 
longthwisc through the water. They were ballasted by a lead strip fixed 
along one long edge so that tli>/plano of the board was alwajs vertical in the 
water. When the boards were tow*tl in this manner the ro.sistanee was 
almost entirely due to t^e surface friction of the water on the sides of'the 
board. The towing and tlie dynamometcii apparatus wer^‘ designed by 
Dr Fronde ; and as tlie main principles in its design have been carried out in 
the construction of similar apparatus for experimental tanks th.at have since 
been built, it may be of interest to describe its main features here. The 
towing truck carryiu|r the apparatus ran on a light suspension railway which 
was about 20 inches above the water. ItVjiS moved by a wire rope wdiich 
was coiled round a sniral groove on a drum. This drum could be driven so 
as to tow the truck at any^desired steady spaed between 100 and 1000 feet 
per minute.. Fig. 87 .shows the arrangement in detail. , 

The attachment of the board B to the apparatus was designed so as to have 
as little triotion as possible in the, connections. The horizontal driving force 
is wholly delivered by a helical spring H, one end of which is fixed to the frame of 
the truck, and the other end is fixed to the light wood work frame C C supporting 
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Tbe planes upon which Dr Fronde first experimented were about A 
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700 


800 


^00 

SptHid- in feet per minxite. 

Kio, ^8. 

below the surface of the water. 'I'lie framework supporting the board was of 
special design. Part of it, the forvtard support 1), formed a cutwater to the 
^rd, and was like a sheatli, so tliat it •could he easily detached and secured 
to the frame bj*pins or holts. 
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The investigation on surface friction was separated into the following 
divisions 

(1) To dcteriniiic the law of variation of resistance with the velocity. 



leiigth of Surface in feet. 

Fio. 89 . 

(:f) To determine tlie difl'orences in re.sistance due to tlie quality of the 
surface. ' 

(d) To determine the variation of vesistance per unit of surface at different 
points of the length of the surface. 


PRESENT THEORY OF RESISTANCE. 


115 


The results of the experiuients were plotted in eurvi's, which are shown in 
figs. 88 and 89. In fig. 88 the ha,so line ineasure.s .speed and tlie onlinates 
measure re.sistaneo. The curve,s of this diagram therefore e.slahlish the (1) law 
of variation of resistance with the velocity. 

In tig. 89 theba.se line measures length of pl.-nie and the ordinates measure 
resistamm. These curve.s show that the resistance j)er unit of .surf,ace v.aries 
at different points of the length of the surface. Had the resistane* i)er unit 
of surface been uniform throughout the length, the curves in this diagram 
would have beeh straight linos. The fact that they are concave towards the 
base shows that the resistance pc' unit surface becomes le.ss as the length 
from the forward end increases. 

(lorreetions were made in the re.sults for the air re.sistaneo of ifii' supporting 
frame, and for the resistance of the cutwater support and the shajie of the tail 
edge. The latter correction was determined by e.xperimontiiig on verv short 
planes with ends varying from square to shai-p. 

K.vperiments were .also conducted on plane,s with dill'erent ipialities of surface 
to determine (j'), bo' Liter and more complete investigations were made, the 
results of wh^h were published n ihe l&J-l llcport of the liritish .Association 

The s.irfaces tried we;” 

(I) \arnisli. 

(d) K-ir^ffii, 

(.'!) Tinfoil. 

(4) (lalieo. 

(. 0 ) Fine sand. 

(d) .Medium s.and. 

(7) (!oarso-sand. 

The results are shown in figs. 88 and 89, but are snmmari.scd in the 
follow'ing table, which was included in the report. 

In the headings of the columns-- * 

M is the power of the speed to which the resistance is jirojiortional. 

is the mean resistance in lbs. per square foot of surface ou the length of 
plane specified in the heading. 

is the I’csistancc per sipiare foot on the last foot of the length which is 
specified in the heading. 

The results ar^> all given foi’ji^peed of (iOt) feet per minu%i 10 feet ])cr 
second = .')'92 knots. 

It will he see;, that tl»e pviwcr of*tho speed is two, or nearly two,'inwall 
c.ises, .and th.it there is a temdeney for the pc^wer to decrease as the length 
of plane increases. • 

It will be found from the curves that the power of the speed, although 
given in the tables for a particular speed of 600 feet per minute, is pi’actically 
constant throughout the range^of speed in the di.-igram. 

The formula for tltt tot i’ frictional resistance may be expressed— 

ll,=y8V’'', 

where is the total frictional resistance, 

S is the submerged area of the surface 

V is the speed of the surface relatively to still water, 

m is the power of the speed laccording to which the resistance varies, 

/ is a coefficient depending upon tlie nature or roughness of the surface. 

m and /are values which can be obtained from the following table. 
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E.rfteyinienU on Surface Frit'fiou, 

m of speojl to wliicli lesistanue is approximately propoiiional 

fm —Itesislaiice iii Ihs./fL- of surface, taken as a mean over the leii^'tlj specilied in heading, 
./„—Kesistanee in Ihs /ft.- on unit at a distance from the cutwater specified in heading. 




Leijgtli 

>f surface, or distance from cutwater 

ill feet. 




2 fVet. 


8 feet. 

20 feet. 

50 feet. 

- 

i m. 

i 

f... /„. 

m. 

An. /». 

Iff- j .All. 


M' 1 /,„■ 

1 

/». 

Vainish . 

1 

- 2-00 

• n ' ".m 

1 *85 

*3*2.5 264 

1 *8.5 i *278 

•240 

1 ■OS 250 

■220 

I’arafliii . 

1 

■38 ' -370 

r94 

■311 ■260 

1^93 ^ "271 

■ -237 

... 1 ... 


Tinfoil . 

' 2*f6 

*30 *29,^. 

1-99 

■278 -263 

1 *90 *‘262 

244 

1^83 j ■246 ■232 

(lalu-o 

1-9) 

■87 7-Jf. 

1*92 

"*62C ■ *504 

1 ■89 1 ■SSI 

■447 

1-87 ; ^474 ■423 

Fim- Sand 

i 2-00 

■81 ■690 

2^00 

■583 1 ■460 

2^00 1 ■480 

■S84 

2^06 ■405 ■SS? 

Alediuni Sami. 

' 2-00 

■90 ; ■730 

‘^■OO 

•625 ' ■488 

1 

2^00 j ■534 

'^65 

2*00 ‘ *488 

■466 

Course Sand . 

2'00 

1 10 ' ■sso 

2^00 

*714 1 *520 

i 

2*00 *588 

•490 

i 



All run at constant sjmed of 10 ft /sec. 

= 600 ft./miu. 
— r»'92 knots. 


It is ji matter of jrreat iiu])()rtaii(?e to dc^tcrniine the values of y// atid / 
that should he takeu for a v'jsscd with a painted hull, as nearly all steamers 
haven paiuU'd surface in the water. Tlie condition of the skin of a vessel 
vari{‘s very mmd>. Wlien the skin is in a foul (-(mdition there is a marked 
dee.roas(‘ in the sp(‘ed from what it would he were tlio skin clean. 

Tlie following are the results of trials of the same vessels, made, in each 
case, with the sanu* kind and <(uaUty of coal, and under the same conditions 
of wind and sea, tlie same number of boiler, beiin; used in each (vise. 

For eompanson, a measure of the ottici(mU’ is taken in the form of cube 
of speed divided ))V the cejal consumed per day. 


Name of Sliiji 

Dnditioii (.if 
bottom. 

Knots. 

evolutions 
er minute. 

a .! 
•2“ 1 
.2.2 

P a 

.* a> 

« ft¬ 

tr. 

c. 

i ^ 

™ sa 
a'V 

'5 in 

S ft 

ons of coal 
per day. 

1 aJ 

.a II 1 

a 'i' 

£ s 1 

>4 «s ' 

Rales of 
tficiencies 

S o 

£ 

S!.s 

ce .. 



o 


K 1 

ps 

et - 

1 


1 a> 

; 

u.s.s. 

*'Oliarleston ” . | 

Foul 

6*8 

' 50 -9 

449 

163 

1 

35 ■S i 

8 9' 

1 

1 3730 

-• 


Clean 

a7 

: 49*4 : 

341 

•208 i 

33^1 

20*0 

2*25 


u.s.s. 

“ Ihiltmiore 

Foul 

10*0 

55*2 

331 

239 

45*0 : 

22**2 

1 * 

4100 



Glean 

11*3 

■ 60 :> 

321 

271 

46*7 

30 8 

l*t 


U.S S. ' 


; Foul 

9*1 

' 61 8 

40.5 1 

•219 

40 ;i 

18*7 

1 

4088 


"San Kraiicisoo”j 

Clean 

1 

9*6 

68-8 ’ 

367 

23r> 

34*8 1 

j 25^4 

' 1*36 



3 
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It should bo pointed out that foulness has an indirect elfect upon the 
speed as well as a flireet one. Ovvino to the increased resistance, it is 
impossible, with a jtiven ellective prossurt*, to obtain the same number of 
revolutions with a foul bottom as when the bottom is clean and the resist¬ 
ance less. Ihus, unless the mean efteetive prossun' can 1 h! im'reascd when 
fouling ensues, the revolutions and l.ll.l’. will fall off when tlic ship becomes 
foul, and there will b.' a double loss of speed. • 

In making an estimate for the necessary power to o\ercome frictional 
resistance, it is assumed that the vessels bottom is (dean and newly painted. 
We can thus assign values to m. am’/’that can be usi-d in nearly .all'e.stimates 
of this kind. For large vessels the value of m is taken as FS.T and of 

•25 lb., which when multiplied by gives -OOi) =/’. The formula, 

therefore, for, the frictional resistance of a. ves.scl is 

i:,-'()09 SV’“, 

where I!, is the frictainal riwistance in lbs., 

‘'I the expanded area > the wotted skin (.sij. ft.), 

V is the speed of the xessel in knots. 

The hors|-jKm. .• neee.ssa.;,- to overcome the frictional resistance will be 

l\, X \ X iDl'o.'J hein" (iiiSO, the number of feel. ui 

- -.TTTVvA • “ '* mile, ilividotl by U», the 

OtiOOO mimUes in an hour.) 

■009x 101-33 
^ 33000 

- ■00()027(i.S X S X 


The most accurate method of obtaining S isJ,o expand the girths of the 
sections and the waterlines and find the developed area, but a close enough 
approxiniatioii to S can be made by using the following formula :— 


S = 1 -7 LD -t- - 


^published by Mr A. Denny 


where b = length o^essel in feet, 

• I) = drau^^ in feet, * 

V',- vpliimc of displacement in cubic feet. 

V 

III this formula LI) roughly reprcsen.;S'the area of one side and i» 
the mean waterline area. ^ 

The following aie values of /’ that may be taken for the frictional 
resistance of a ve.ssel moving at 5‘92 knots:— 




Length of \ 
vessel j 
=:lb.s. per i 
aq. ft. / 


50 

100 

100 

200 

25(t 

300 

25G 

•242 • 

•235 

•232 

•229. 

•228 


400 

450 

600 

•226 

•226 

•226 


-00934 '00907,-00890 -00884 '00880 '00876 '00872 '00869 '00869 

/ Y '.rss , 

A series of values of ( gtgo ) >8 given in the following table :— 
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Values of [s-az, 
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Take as an example a vessel of 2200 tons displacement and dimensions 
330 ft.-length, 42 ft. breadth, 12 ft. draught. 

S=l-7Lt) + ^ = 13150 scpiare feet. 

The frictional resistance at 22 knots is 

‘ ' R, = -227 X 11-OlN X 13150 = 33000 lbs. about. 

(2) Eddymaking' resistanc#*. — Mddymaking resistance is duo to 
abruptness of change of form, and is com para tivel 3 ' small in modern ships. 
It is so small that in all questions affecting resistance it is loft ont of account. 
A square-ended stern-post causes cdd>'making resistance, but it is seldom of 
an appreciable amount, and may bo easily obviated. It will be shown later 
that it can be Thcluded in the wavemaking resistance. .See p. 1C8. 



CHAPTER IX. 

WAVES. 


Wave of Translation. —Koforo ontoriug on tho .‘juliject of waveuiaking 
resistance proper we shall look hi’iefly at the coiunionly 'accepted theories of 
wave motion. 

Lord Kelvin defines a wave as_ “the. progression throngh.tuattcr of a 
state of motion,” or as “the progression of a displacement.'’ TaKing the case 
of water waves, the motion wliich travels and forms the wave is an elevation 
called tlio crest and a depression called the hollow. Thus the water itself 
does not tra\'el, .although the imve form does. The .simplest, way of seeing' 
this is to take a piece of roi)e (i to 10 yards in length, fix one end of it, and 



then to shake thp. other end. The wave fu>7^\ will be seen to ^travel along the 
rope, bnt the rope itself only swings to and fro;'' 

Let ns take, in the first place, a solitd.rt/ imve, or ^raeoo/' trimn/ation. This 
wave represents the result of a local <listnrhance, as opposed to those which 
we will consider later, which occur natiiralh’ in definite scries, and are produced 
hy some widely-spread disturbance. 

Suppose wo have a canal such as BK (fig. 91), and at one end of canal, 
saj’ A 13, we can bank up water as shown at A 15 B'A'. Now if we suddenly 
remove A' B’ tlie hea])ed-up watgr will travel along the free level surface 
as a heap of water, and will continue to so travel until, through viscous 
forces and air resistance, the energy is entirely dissipated. This wave is a 
wave of translation, and there is a natural speed = ^y((i + h) for this wave, 
where <1 is the'depth of tho canal and h the height of the wave. 

The form of the wave surface, for small waves, is sensibly a cur\e of versed 
sines, tho horizontal ordinates of which varj> as tho arc of a circle of radius tf, 

and the vertical oi'dinates are the versed sines of a eii'cle of radius f*. 
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Thtm ..• = rf6l, 

// = -i/i vcrsiii ^ (1 - cos 0). 

The wave-length l — '2-jrd when /i is small. If h is very siiiall eompiut'd 
with d, as in the ease of a long wave, a %/'/(/—nearly, the same as that 
required ,by a body falling freely from a height ecinnl to half *he depth 
of the canal. ^Henoe the natural speed of a lomj wave in a canal d feet 
deep is Jgd feet per second, i.e. in a canal S feet deeji it would be 16 
feet per second, or about 11 nines per hour. Scott lliissell, in a series 
of experiments carried out on the Forth and (Ilydo Canal, observed that if 
the S[ieed of the boat was less than this ndtnntl velocity a train of waves 



Fill. a*. 


was left behind yic boat and the length of these waves was such that 
,their velocity ofcy'’''pagatioii was equal to the velocity of the boat, the boat 
taking up a position just on tlio rear slope of the leading wave (fig. 92). 

'I'he length of this stern procession of waves, if the lliiid is perfect, depends 
on the time the boat has been running. 'I'hc water is, however, of a viscous 
nature and stops the procession of stern waves at a certain disbance from the 
boat. In a canal this oH’cct is very noticeable, owing to the water having to 
flow 11 ]) and down the banks and across the bottom. 

'I’he rear of the jirocession of waves travels at half the sjiecd of the boat 
when the water is at least one wave length in*depth, or, without any very 
serious error, a depth of at least three-quarters wave-length. Now the w'ork 



Fin. 93, 


» • 

done in dragging along this boat is cijual to ^he energy required to generate 
the procession of waves astern. The work so done jit. iniitute in foot lbs. 
divided by the distance travelled per minute by the boat gives the wave¬ 
making resistance in lbs. As the speed of the fastest “long wave” which 
can possibly travel in a caiial^is, as given above, -Jgdt where d is the depth of 
the canal, it follow# thai. if a boat be dragged along the canal- at a higher 
velocity than this natural velocity it wil? bo unable to make a regular 
procession of waves at all, #s no wave could kf ep up with the boat. The boat 
can only make a hump ti’avelling along with it, as shown in fig. 93. 

Consequently since there is no continual production of waives above this 
natural velocity, no energy will be expended, i.e. there is no wavemaking 
resistance. The discovery of thife critical speed resulted in the introduction 
of canal boats known as “fly boats}” which w'ero made of sheet iron and 
drawn by a pair of horses. “ The boat starts at a low velocity behind the 
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wave, and at a given signal it is pulled up with a suddori jerk on the top of 
the wave, where, it moves with diminished resistance at the rate of from 7 
to 9 inilos per hour.” 

If tiu; speed of the boat bo e<iual to or less than that of the natural 
velocity of the wave system, the procession of waves formed ast(U'n can only 
keep up with the boat by a continuous generation of waves formed at a rate 
sufficient’to make up for the natural lagging behind of tin; system at the 
stern. The rate .at which this lagging behind takes place .is one-h.alf the 
speed of the boat, because the system will, a.s already stated, naturally 
travel at one-hall the speed of the boat. Hence the amount of energy 
consuuusl in .overcoming the wavemaking resistance through the distance 
between the bow of the boat and the rear of the procession of waves is one- 
half the totol amount of energy in the system. 

It is thei'efore necessary to be able to determine the amountt of energy in a 
wave s.ystem in order to determine the wavemaking.resistance. 

'J’he same considerations apply to a ship in the open ocean, but with some 
modifications duo to the eircvimstances. 


A S 



TrochoidaHWa'ire. —The exact form'ft.'.^he waves of .the ocean is not 
regular or easily determined, but it can bj> shown Ciiat a trochoidixl wave, which 
is approximab.dy of the character of a sea wave, is h^dro'dynamically possible, 
and is capable, of forming a regular series. If this can be proved, it makes 
calculations as’lo distribution of pressure in a wave quite definite and simple, 
and makes possible the solution of some problems. 

A trochoid is the curve traced out by a point on a radius of a circle, this 
circle being rolled on the underside of a givee line (fig. 94). The limits of 
the curve are a cycloid and a straight line. * 

To establish the fact that s'uch a trochoidal form of wave is one that is 
possible, we must prove that tliese conditions of motion are consistent rvith 
all the necessary hydrodynamic conditions of fluid motion. 

The formation of a trochoidal wave has been outlined in Vol. L, 
Chapter XXIV., fig. 19.'), and the basis of the Trochoidal Wave Theory has 
been given at p. .119. The proof of the Theory is given here. 

In order to construct a trochoidal rfave the following conditions must be 
asSiumed :— 



WAVES. 1 23 

(i) A series of horizontal planes or layers of snu«)tli watei' assume a 

trochoidal form in wave water. 

(ii) Particles of water in the wave all move in vertical planes in eireiilar 

orbits with the, same uniform anjjular velocity. 

(iii) Particles in an originally horizontal plane take up the orbital motion 

in uniform succession. 

(iv) The radii of the orbits of the part’-iles originally in *)ie same 

horizontal plane are equal. 

(v) The radii of the orbits of particles decre.ase as the depth of the 

original horizontal plane increases. 

(vi) Surfaces of e<puil prcssvirc in still water, i.e. horizontal [)lii’)cs, will 

be surfaces of equal pressure in the wave, i.e. trochoidal surfaces. 

(vii) 'rrochoidal surfaces .and subsurfaces arc of the same length and have 

tln^r crests in one vertical plane which is perpendicular to the 
^ertical plane of the orbital motion, n’he hollows are necessarily 
in a parallel via'tica' }ilane. 

'* •<t -•- 



Let us first deal with a single layer which in still water is horizontal. 
We have to show that if the particles take up the motion in uniform succes¬ 
sion in vertical circles with the same uniform angular velocity, the pressure 
on all the particles will be the same. If wo consider all the particles at any 
time after they !»ive all taken ^-.j^rtlie orbital luotioti, it will l»j seen that they 
will at any instant lie in a ti'o’choid. ,This can b(! seen from fig. 90. 

If we consider the position of the particles when they have rotated through 
a further small angle anticlockwise, we see that the crest of the trochoid will 
have moved to the left, and if a continuous uniform circular orbitirl anti¬ 
clockwise motion be girtn to the particles the crest will move uniformly from 
right to left. It will pa.ss through a ’.ength from crest to crest in one complete 
revolution of the particles. Suppose the number of revolutions per minute to 
be »t, then if the trdthoid no generated by' the revolution of a circle in 
diameter the distance the crest will move thro\igh will be 2a-R« j)er minute. 
The movement of the crest’or any other poil^t of the wave surface is a wave 
motion. Ng particle moves through more than ‘I-Trr per rovolu*^ion, where r 
is the radius of the small orbit of the particle, but the form ol’ the trochoid 
moves through 27rR in the same time. If we Ciill V the velocity of the wave 
it will be equal to If, now, we impose on every particle a horizontal 

velocity V from left to right, the form'* of the wave will be reduced to a zero 
velocity, and the particles of water will flow in the trochoidal stream of tl>e 



124 


THE DESIGN AND CONSTRUCTION OF SHIPS. 


form of the trochoichil wave. The forces on the particles will not be 
different to what they were before* the uniform horizontal velocity V was 
imposed on Uiem. 

Wo will first show tliat iv a lroch<>i<hil atveavi- the pressure Is uniform 
fhroufjhout for <t defnite relation hetweev the radius /i and the angular velocity 
of ihc orhit. 

K(»r s<ach a stn*ani Ih'riionlli’s equation* will hold, vi/.— 





* Proof of Bernoulli'’a Theorevi .—Let A H, fig. 97, be an elementary stream tube in a 
steadily flowiii^^ lii|fu(l muss. In a short inler\Vii**<^tinic, f, let A B come to Ai B,. The 
\V(»rk (lone by f^ruvity flue to tlie fall of A B to Aj B, same as that done in transferring 

A Aj to B B,. Let tlie (;n*ss section urea of kube at A be oij, *^lic velocity t’j, the unital 
pi’ejijsuio p^ and the height above datum line //|, and let o.j, and hn be the couespond- 

ing quauUties for the cross section B. Since the fluid is iiieoinpressible, the quantity 
_ a,?’/ - volujue A Aj flowing in at A must equal the volume flowing out at B, / c. volume 
B B, -- ooi'J, or wo liave Q = a,r, = ooCo. The woik done by gravity, tlierefore, in the fall from 
A A, to BB,-- /KiVf/f, • /f-J (?/’=weight per unit volume). The woik done by the pressure 
over the ends during the motion of tins stream line from A 15 to Aj B, is ^ha]r,<j - 

-~Ql{2h-P2)‘ * , 

If the motion of the stream hno A*B be not widely different from that of the surrounding 
stream lines, then the frictional and viscous resistances wiil be negligible. The work done, 
there.foni, by gravity and pressure isllpent in accelerating the motion of A B, and therefore 
- li.,) - ■ p.j) = <hflerence of kinetic energies of B Bj and A Aj , 



of 

2 ? 


4- Ao = constant. 
2fif w ^ 
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%J w 


+ /i = const, where V is velocity,* 
p is pressure, 
h is the vertical 
line. 


distance 


from a datum straight 


Tf the pressure is uniform throughout, will he constant and 

H' 

V- 

„ + /* = constant. 

%/ 

A B, fig. 94, is the straight Hue under which tlic circle Adi") is rolled. 
The full line represents the form of a trochoid, the dotted lim; tli-.t of a cycloid, 
which would represent a wave just on the point of lueaking. % li is half a 
wave-length. 

The particles P has a velocity n whicli is tlie resulhuit of the orbital 
velocity 'lirvu and the inijii'cssed velocity 2irH». The triangle P O N. fig. 96, 



where O .\ and <) P arc i)crpendicular to the directions of these vclocitie,s, will 
represent them. P X will therefore )'Oj)re.sent the veloeitj’ ?’ and ho j)orpen- 
dicular to it. It can he ijliown that if ()N=U, 1’N is ])erpeudicidar to tlie 
trochoid.t Hcuice 1’N will rcnr esi'ii t the velocity i' on tlie same scale tliat 

• ^ • 

* Since ttic mutiou is supposed lo bn steady, tlie irictioii lictw'ccn the particles of t he liquid 
and the viscosity au- siiinil engnioh to be ne/?lected. and the liquid being iiicoinpressible, we 
can piocend to apply Kernoiilli’s Tlici rniii to the strcaru linn systems. 

t 1’ N IS normal to the .surface of the wave, or, whi*t is the same ''diig, the tangent to the 
trochoid at P is at right angles to P X in Bg. 98. Take the, coordinates of' P with reference 
to axes through H th" p'jini of contact of the rolling circle, at which ]ioint ^ = 0, 

then tan a = • 

dx 


Where a is the anglestho tangent to the trochoid at P makes with the horizontal, 

k-^HN + KP'' 

• =R9-tr3in^ 

and y = ON - OK 
~ K-t- r cos fl. 

.'. - n .sin 9 

d» 

dx 


and 


dd 


- R®+ 1 ' eo.s 9. 



126 


THE DESIGN AND CONSTRUCTION OF SHIPS. 


O 1’ and O N roproHCiit 2)rr»t and ‘lirMn respectively. Call 1’ N, p and 2irn = m. 
Then the orbital velocity of r= ru), the impressed velocity is Rto and v, the 
resultant of the twfi is pm. 

The values of p corresponding to a, and v.,, the velocities at hollow and 
crest, will be (H + r) and (K-r) respectively. Hence 

Kro)ii Uenionlli’s ecpiation 



Fio 98. 


If p is constant throughout the .streajii tube then, see fig. 9G, 

= 2ySK = 2a >-/1 - cos 0) 

hence (It+ r)V - - 2f/r(l - cos 0) . *. . (a) 

Kroni the triangle P () N * * 

p-= l{" + i'“ + 21{r cos 0. 

Substituting in («) we get 2 Rrm-(1 — cos ^) — 2yr(l - cos 6) which will be 
true if 11= 

__ _ ______ • _ ___ 

. - r sin d * 

dx K + r cos 0 

KN 

lint - tan o, 

d.v 

.■.the angle KNP = a ^ 
and KP is normal to the trochoid. 
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Hence wo have established a relation between the speed of orbital motion 
and the radios of tlie rolling circh! of the tnadioid which will satisfy the 

condition of being constant. That is to sav, that a troehoidal stream of 

If 

rolling radios -I whieli has lieen generated by the orbital motion and the 

<i>- 

reversed velocity assomed will have oniform pressore throoglioot. It may 
therefore 1)0 a tree sorfaco or a anbsorface of miiform prc'ssore. * 

Period of U’rnv .—The period T of the wave from liollow to crest = ^ ■ 

T.ot H=''- 
0 )" 



The period 'I' of a conical peodoiom for a half revolotion is rr ./- where / 

</ 

i.s the lemrih^of the cord. 

Thertsore fiie period i.; dit. wave is the same as that of a simple cpnical 
pemhdiiii) whose length of cor>i is ei/mil to the radius of the roll in;/ r.irele of 
the wam. 

• Lem/th o/'^l'a*,. If X is the length, from crest to crest, X=tijrlt 

= . 

0)“ 

Having shown that a troehoidal stream is one of oniform pressore if 
p - d 

consider what relations most exist between successive 

troehoidal streams generated from socoessivc horizontal layers. It is seen 
that any value of r less than II is consistent with ooiformity of pres.soro. VVe 
can therefore draw another trochoid 1’, (fig. 99) at a distance Is' N, -- O Oj below 
the trochoid P, but with a value of r, <.», 1’, not equal to O T. If the surfaces 
are of uniform pressore they may bo considered as booudaries of a pipe PI’, 
throogh which may run all the water originally between the horizontal layers 
which ultimatvdy became the trochoids P and Pj. If there are no empty 
spaces in this nipy the pressore i;i rtie lower trochoid will s«\pport the water 
in the pipe. If there were empty spaces it would be necessary to have a 
material boondai y whicli'wonld not cTiange form under the varying pressore. 
It is evident that if the troehoidal boundaries are not to be distorted in form, 
so that a eonfosed mass withoot wave form would result, Ahc jiipe must 
run full. 

If, as before, v be the velocity, tig. 99, v = pui, v P Q measures the flow of 
water in the troehoidal pipe.. For eotitinoity v PQ most be constant, i.e. 
po>VQ and therefore p P^) most be constant. 

« 

!> +»PQ = p, + NNj oo!j <f>. 

Let p^—p^dp and NX, =dV. 

Then i’Q = dp + d\ cos </> 

pPQ = ^ip + pd\ cos ift, 

p'’ = K2 + r2 + 2Krco8e. 


but 
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Difrercntiatin^ for tlio same value of 0, we have — + cos Odf. 

By iiispeetion we have p cos — I!, + r cos 0. 

Substituting we liave = 7-<ir + Ih/Y + (IhZj- ir!Y) cos 0. 

In order that pPt,) sliall be the same for all values of 0, 

lW(+nZY = 0 


Integrating we have 



log r = 


</V 



const. 


If Y = 0 when r = r^) the radius of the tracing circle of the surface 
trochoid, then the const. =log and 

log r-log and 




This relation of ;• in terms of tl e depth of the corros])onding line of orbit 
centres b anv the surface line .r' centres enables us to determine a trorhoicM 
mrjiice ii'/nrh in, stredin-liiif iiMtioii him a imifm-m jyresmre and is eapahle of 
forminij the innindary of a, stream of miUiniioiis flow. 

To d<'tcrn 4 in'‘. Hie position of this trochoid it is only necessary to notice 
fliat the same amount of water must lie between the trochoidal surfaces as 
lay between the corresponding horizontal layers. 

'I’lie time during whieli the particles have moved through dO of their 

orbital motion will be --- and the volume swept thnaigh will be = 

pdfiPy per iinit of length of wave, measured along its crust. 

.Summing this up between 0-0 and 6 —’Air we get volume between 

trochoids = I pVt^dO. 

But p. PtJ = rdr + IWY + (\idr + rd\) cos 0. 

.Since IWr + jvZY' = 0, p.PQ, = rdr + ItdY'. 


If (ZY, 
volume. 


Vol.-- l''’(rdr+UdY), 
J 0 


w 


\d0 


• .-id'" ■'">«. 

\ H / 

be tJio ciistaiico between the layers in still water, 27rH^/YQ ~ total 


Hence 


2»lhZY„ = 2a-i?bp^dY, 

• “’'•-(‘-SI''' 


This expression gives the rehitloimof the dlstmtce hetireen conaecutive ho^dzontal 
layers to iluit hetxoeen the centres of the tiftfchoids^ wJoch in this position will con¬ 
tain between them the same amount of water as was between the horizontal layers 
VOL. 11. 9 
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Hoiice from uniformly spaced walerliiies wo can got the corresponding 
spaces between the rolling lines of the trochoitls. 

It should bo noticed that the surface trochoid must bo placed at such a 
position that it includes the same amount of water as in still water. To do 

this lit!' rollituj centre must be raised tibope the still waterline. 

'1 ll 

With K (fig. 100) as origin, .r^ (IIN + Kl’) = 1!^ H- 1 ’sin 

!/ - SK - 0|.S - 0, K = 'r(l - cos 6). 

I'trK 

Area of trochoid KFX — I //-dr, 

J 0 

(/./• = { It + r cos 

Substituting for i/ we get yd.r - r(l - cos 6)(V\ + r cos 6).d$. 



ginai StdL WategZine 



Ifjwe integrat(^ the right-hand side of this for all values of 0 from 0 to 
we shall get the area K F X, 


I r(l - cos + r cos Hyi6 FFX 


„c(ll -1)^FFX. 

^^What we have to find is the pf>sitio.i of the waterline W L which shall be 
that the areas W T F and F' T 1. are e<iual. This W L will occupy to 
trochoid ,l'l F the position Which the original horizontal still waterlevel 
wnl oceupv to the troehoidal \vav(‘ surfacs^. If h he the distance W K then 


/•ttK. — 7 r 7 ’( It — ). 


but I =OK-OW = c-OW. 

ri 

(>\V=—. 

That is, the rolling centre must be raised above the still waterline. 
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We can now construct a series of trochoidal surfaces in wliich the pressure in 
each trochoid is uniform thoiifthout, and between wliicli there are no void spaces. 

Pressures in Trodiuldni Surfaees. —To determine the pressure in each 
trochoid, let us consider the orbital condition between two consecutive 
trochoids. 

In fift. 101 any oloment P(^ of unit section between eonseeutive trochoidal 

surfaces has a centrifujfal foi-ce aclino on it’^**^.r(,) (m beiiif; the*nnit of 

mass), and the force of gravity iiii/.PQ. Tlio resultant ./i!’(,) of these forces 
acts along T* N. 

Hencie )■ : If : /j : : : uk/ : f 

r 

K K 

IT 


Fiu. 101. 

This force causes a dillifrencc of pressure in the two con.secutive layers 
which may be called dp. Hence <lji~ constant through¬ 

out the stream ; thceefere -?/> is coustanf. J/euee If tne, have a surface trochoid of 
uniform pressure, the •ue.rt curfaee oelow will have a pressure, increased tkrouyh- 
(rut III/ a constant amouHt, ami therefore null also he uniform. This»being so, the 
next and all others will la uniform. Hence, in the assumed construction of a 
trochoid, all the surfaces have uniform pressure. To find the pressure we have 



= m(/.d,\\y, 


Hence the increment of pressure in passing from one trochoidal surface to 
another is the same as the difference between the corresponding horizontal 
layers. Since the pressure at the free s*irface is the same in both cases it is 
evident that— 
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llte, jn'esmre at any poiiU in a trochoidal wave in the same as tluit on, the 
fiarticle in its correspondiny position in still imte.r. 

Vonstrvction of IIViw;.—Heuue, suumiarisiug, wo are al)k‘ for a wave of’ 
known height and lengtli to determine tlie exact position of every particle in 
the wave, so tliat tliere arc no void spaces; and the pressure at every point. 

(1) Knowing the value of r„, the half height of the wave, we can find the 
value <jf ’• for any trochoid whose rolling line is Y helow the rolling line of 
the surface trochoid, from the formula— 


r 


(2) The rolling line will he 


r- 

211 


above the corresponding still-water 


horizontal line. 

(3) The pressure in any trochoid will be that of the still-’ ater horizontal 
line from which it has been evolved. 

This particular mechanical arrangement of wave may not have the exact 
form and distribution of a sea wave, but it is one which cannot differ very 
much from it, and is one which is hydrod 3 ’naraically possible and stable, and 
we may determine the forces which act upon a ship in a seawav with a fair 
degree of appro.ximation. 

Anj’ deviation from this assumed form will cause a change <-f forces, which 
will ho small and comparatively the same Ix’twecn different ships. This is 
the assumption on which our strength and rolling calculations arc based. 

The. Knei-ifii of the Wave. When the particles in the wave. ;ire at rest those 


in any laj’cr are helow their mean position when in orbilivl motion. 

licnfie there must hi’ an expenditure of energy to raise the particles this 
amount. Further, there is tlie accumulated onergj’ of oi'bital motion. 

Ill any one [larticlc of mass in and velocity v the total energy will there¬ 
fore be 


"'^2H + "'2- 


Itut 


v — u/r 


= r J 


</ 

li' 


Fuergy 


mi/r't mjr^ 

2Kr 'iMt 


mjr^ 

If 


llcnce the total energy in a trochoidal layer equals the weight of the layer 

multiplied by ’ . 

ll 

It will be seen that the energy due to raisi.ig the particles is the same as 
that of the accumulated energy. In other words, the rotal energy is one-half 
accumulated and one-half due to position, sometimes called “ jiotontial energy.” 

AVe have now to sum up the total energy of all the particles to obtain the 
energy of the wave. 

Earlier in this chapter we saw that the area between two consecutive 
layers, whose rolling lines W’cre a distance d\ ajiart, is 

f%.PQ.(f6=~(H2-r2).,fY. 

.' 0 It 
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Heiico tlie weifrlit of wjitcr between tlie.se two eonseeiitive layer-s, srijijiosinp 
a unit widtii, is 

— (K- 

wliere w is weight per unit volume. This gives the. total energy of lliis Inver of 
unit width as 

1“ .iTT/e..,,. ... 

u- u 


We have already seen that 
Henee 


Jh/r + )-(/Y = 0. 

,l\ . dr. 

r 


(1) 


Substitute this in (i) .ibove and v ^et total energy of volnine between layers 
and of unu width as 


--''’■"(I 


So that the total energy of the wave of unit width, i.e. the total energy of 
all the layers friwu i-^^O to = is 


" ’'"'(e'll “ 


Henee, if we have a waive of height h, breadth i, and length f, 


so that 


I = 27rR, 


Inrni 

1 \ 

~ t 27r/ 

positiv#, 


hwU^/. 

ir-Zl® \ 

“ S \ 

' il ) 

hwhH( 

1 \ 

~ 8 V 

2/-’ /■ 


Usually ‘ is small, and energy may be talieB to be '"'J' , that is, it varies 

as the sijuare of the height oT the wave and diveetly as its length. 

Sha!low-waier U'auen .— In shallow water of uniform depth tl.e paths of 
the partieles beeome oval in form, the height of the orbit being 1e.ss than the 
breadth. The ovals are very nearly ellipses. 

On the assumption that they arc true ellijjses, that the angular velocity 
of the piartiele is uniform, and that the'prcssures at the crest and trough are 
^ual, we are led to the following conclusions :— • 
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liOt a, h 1)0 the soiiii-iiiajor iitid serui-iiiiiu)r axes re.spcotively of tlic orbi 
of tli(‘ wni'faoe jxirticlos ; m tho iingiilar velocity of the particle about th< 
centre of its orbit, ant] Jl tlie I'lulins of the rolliiifr circle. 

Dniw any radius O A, fig. 102, making an tingle & with the vertical 0 N, 
tind cutting the auxiliary circles at A aud 15. Draw A 1’ parallel to N O and 
151’ partillel to 11 N. 'J’hen P is a point on the wave surface. 

Take as tixis of .r the horizontal line II N along which the rolling circle 
rolls, and as axis of // the vertical line H K through the trough of the wax'e, 
i.e. wlien ^ = t). 



Fio. 10-2. 


Then the coordinates of 1’ are given by 

.<• = US + a sin 0 
;/ = It + /) cos 0 

1 tl.r ,,, 
and . •. — — (U + u cos 0) 

dt . 'dt 

= (It (7 COS 6)<U, 

and .'. at the erest, velocity --(It -'r)o), ' 

and at the trough, velocity , =(ll-t-o)(o. 

At the erest 0 = and at the trough 0=0. And therefore, on the 
assumption of eipial ])ressnros at crest and trough. 


(H + — (U — (t.y^wr =■ 'Ih. 


' .> A 

. *. « <i>“ = 

a 

If V i.s tlic vel(M‘ity of pr()[)a.j;atioii and / 


it 

li’ 

t 

25rlt is the wave-length. 
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If = a we get the ordinary trodioidal wave. This equation can he reduced 
to the form 




tanh 


2W 

■X’ 


where d is tlie depth of water and tanli is tlie hypcrijolic tangent given 
by the formula 

2rd 


2itd 


- 2irrf 

. I 


tanh ■ 


2nd 

rr 


+ € 


If d is very small compared witli I 

tanh 




'2vd 

T’ 


and .«'■* gd, 

whicli is ihe formula already .shov ri to apply to wnves of small ratio of height 
to length in a canal. 

^ Thus, as»Wiii 'u deep water ajiproaeh a shelving beach, the orbits at 
first become flatter, and tlie waves liecome of the nature of shallow-water 
waves. Afterwards, as the water .shoals more and more, these are trairsformed 
to waves of translation, which break and roll upon the beach, can-ying with 
them any floating bodies and heaping up the shingle. 

Ripples or Cnpillari/ ir<ives .—In the theory of wave motion so far con¬ 
sidered, gravity has been the sole motive power assumed. When, however, 
the disturbing forces are very small, surface tension plays a great part in the 
phenomena. If the velocity of the wind, or a body drawn through the water, 
is less than half a mile per hour, no disturbance of the surface of the water is 
noticeable, but at about that speed the surface becomes coated with a series 
of capillary waves, which die away almost at the same instant as the disturb¬ 
ing force is removed. 

Formation of Waves (U Sea .—.Suppose the sea to be initially calm and 
(piiosccnt, and to be then exposed to an increasing wind. At first, while the 
velocity of the \.ind is less than half a mile per hour, there is no sensible 
disturbance of the smoo(ilines,s of tl* surface. When the velocity is about 
one mile per hour, the surface is coated with ripples. This stage has 
this distinguishing circumstance, that the ])henomcna on the surface cease 
almost simultaneously with the removal of the disturbing cauSe. When the 
velocity is about two miles per hour, small waves begin to rise uniformly over 
the whole surhice of the water. Capillary wave.s disappear from the ridges of 
these waves, but are to be fontftl upon the anterior surfaces and in the troughs. 
As the velocity of tfie wind increases, the^eJlgth of the waves created also 
increases. The longer ones, outstrip the shorter ones, and are less speedily 
worn down by fluid friction. Thus the long ones survive and absorb the 
smaller ones. 

There arc, on the sea, frequently three or lour scries of coexisting waves, 
each series having a different direction from the other, the individual waves 
of each series remaining parallel to one another. 



CHAPTER X. 

WAVEMAKING RESISTANCE OF SHIPS. 

Havin(i thus given a sliort (liseussioii on particular properties of tlic trochoida 
wave as the one most nearly corresponding to deci)-sea waves, and yet allowini 
of simple calculations, we shall proceed with the study of waveniakini 
resistance proper. * ‘ ' 

hen a ship is in motion there is a disturhance of the “still-water and at 









T'' 



Fig. 101.— Plan of Wave System made by 83-foot Launch at various speeds 
^^osition of wavo-crests indicated by shading. 
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(1) Waves with crests pcrpeiidiciilar to lino of motion, forming the 

transverse series. 

(2) Waves witli crests oblique to line of motion, forming the oblique or 

(livergont series. 



83-ft. launch. 



333-ft. ship. 


Feet 

BO O IOC 

1 * « i » i - . t J_» ‘ 


• aoo 


Fr^t 

400 


Flo. 105.—Plan of Wave Systems made by (lifleicnt shijis at 18 knots, gbowii.g the 
.siiriilarity of tlie systems. Position of wave-crests indicated by jib adilMt. 


Tlie bow and stem each form separate systems of tr^fj^erse and diverging 
waves similar in form and character, bfit tlie transverse are much less marked: 
in the stern system tlian in that of the bow. 
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Tho profiles of the transverse waves are distributed along the line of 
motion, and may be seen where the wave-form is cut by the ship, and can be 
looked on as a group of wa^'es soinewhal similar to troehoidal w.avcs, but not 
of uniform height. The speed of the individual waves is the same as that of 
the shij), and so their length, ei-ost to ci'est, corresponds closely to that of 
a deep-water troehoidal wave travelling at the speed of the .ship. A crest is 
always formed at, or olo.se to, the bow ; this crest may be taken i^s the first 
visible result of the disturbance of the pressure C(iuilibrium, /.c. the wave¬ 
forming tendency. The energy of this bow wave is dissi])ated in a sternward 
direction relatively to the ship, and this forms a second series of waves or 
“echoes.” The primary and its echoes form one series as a whole. These 
series of diverging waves show pronounced crests spreading Away from the 


Length, of S ' ip 

195 fujb 


_ 1 


Br^en^th. 

2tt fool. * 

n 



^90 


^ Speod/ 14- 0 krwU WivoltfUfthAZQ -*1 



Km. 106. 




ship. The diverging crests are parallel to one another. The inclination of 
each crest to the line of advance of flic ship is about double that of the “line 
of divergence,” or tho line separating the disturbed from the undistifrbed 
water. It will also bo noticed that each of'the diverging erpsts ajipears to 
form the end of the tr.insverse waves already mentioned, whoso crests appear 
against the side ot the ship. 

I’he diverging waves have a definite length : they a(hancc in echelon. Tho 
angle that a line dnyvn thiotigh tho crests piakes with the lino of advance has 
been calculated upon limited assumption, and it is found that it is constant 
for all forms and all speeds, and is about 19 degrees 28 minutes. The diverging 
scries formed by the passage of the stern has the s,‘ime angle. Hut l*rofessor 
Hovgaard Itas shown from observations on ships that it decreases as the speed 
increases. The value of this angle is generally about half that of the angle 
that the individual waves make wth the line of advance. In many cases it is 
somewhat greater than this. The diwerging waves at the stern have an .angle 
about equal to that of the bow series, but in many cases it is less than this.* 



138 


THE DESIGN AND CONSTKUCTION OF SHIPS. 


(1) IVavcs with crests perpendicular to line of motion, foj-ming the 

transverse series. 

(2) Waves with crests ohli(jue to lino of motion, forming the oblique or 

divergent series. 




Flo. 10.5 —Plan of Wave Systems made by diHerent ships at IS kiaits, phowii.g the 
siirnlarity cif the systenia. l’o.sition of wave-crests indicated h|^ha(^^. 

The bow and stern each form separate systems of trh^^erse and diverging 
waves similar in form and character, bi'it the transverse are much less marked 
in the stern system than in that of the bow. 
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The waves of a divergiiif; .serie.s are curved in a section along their length, 
coming to a crest and sometimes hreaking. The distance hclwecn tlie crests 
of the transverse waves varies as the square of tlic actual si)ced. Whatever 
the length of the vessels, when run at the same speed the crests of the 
diverging scries of waves would he ahsointcly coincident if placed the one. 
above the other; also the crests of the transverse 'fvaves should ho exactly 
coincident, [.ovd Kelvin gave the oipiatiou and form of these as in figs. 109 
and no. 




Fio. no. 


We have seen that the energy of the waves is, relatively to the vessel, 
constantly passing away sternwarels, but at the same tirtic the energy of the 
wave system as a whole requires to be kept up. The only place from which 
the energy can be supplied is from the ship, and hence we have a constant 
drain on the })ower of the ship which gives rise to this part of wavoniakiug 
resistance. An to the amount of energy which is lost astern witli each wave, 
this will depend on the form of the wave, but it is genewUy considered that 
approximately one-half of the energy of each wave is lost astern. So that 
the work a ship has to do is to maintain a system of waves unchanged in 
character and position relatively to herself at half her rate of advance. 
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Thus if wc suppose K to l>o the .-uergy of the Nvave, L the wave-length, and 
K tne resistance due to its luaintciumco,’ wo get 

or U oc 
'JL (j 

A similar oxpressio 2 i would hold for tlie divergent waves. From this it W'ill 
be seen that the work necessary is to create one new wave tor each system for 
every two wave-lengths travelled. 



At low and Uioderate speeds waveraaking i-esistance in well-designed 
vessels is practically negligible, but as the speed is increased we reacli a point 
where the waveniaking resistance forms an important part of the total 
resistance. The gnrtvth of the wavcmakiBg resistaiice is not uniform, but 
follows a somewhat harmonic law. 

Infiwuce of Parallel MiSUe liody. —Fig. Ill shows the influence of parallel 
middle body on wavemaking resistance, as determined by experi- ient with a 
model representing a ship which without any middle body was*160 feet long. 
Into this model, successive 20-foot lengths of parallel middle body were 
inserted until the total length represented was 500 feet. The breadth and 
draught remain the same for all lengtBs of middle body. These models were 
tried at various speeds and their resistance measured Of course the totSl 
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resistiiiicc wtis iiiuasiirecl, but ttie frictional rcaistanco could he calculated 
and then subtracted from the total, leaving the residuary resistance, which at 
high speeds is practically all wavcinaking resistance. These two values were, 
for simplicity, plotted one on each si(le of a given base line. Each set 
represents the resistanci^ at a definite speed for varying length of nnddle body. 
The speeds range from 14 -l.'l to (>75 knots. The fe;itures of the wavemakiiig 
resistance ere very marked, especially at the higher speeds, where the maxima 
iuid minima values of this resistance are clearly defined. The crests of the 
curves show much higher resistances than the hollows, though the displacement 
gniduidly incrciuses with the length of the middle body. 

An ins])eetion of this figure reveals oiu' or two points which may he 
regarded iis ci’iteria of wavemakiiig resistance. 

(1) The spacing or length from crest to crest appears uniform throughout 

each curve. 

(2) The spacing is more open in the curves of Jiigher speed, the length 

apparently varying as the wpiare of the sjiced. 

(.'!) The amplitude of the variation increases as the speed increases. 



(if The am])litu(te of the variation in each curve diminishes as the length 
of the vessel increases. 

These variations in residuary n'sistancc for varying lengths are supposed 
to be caused by the interference of the bow and stern tiunsvcrse .system of 
waves; thus we shoiiM have a for the resirluary resistance when the 

crests of the bow-wave system coincide witfc the crests of the stern-wave system, 
and a minimum when the crests of the bow wave system coincide with the 
troughs of the stern-wave system. *' ' 

Mr 1.). W. 'Paylor, of the United .States Navy, has reccntl)’ made a series 
of experiinents concerning the effects upon resistance, in full vessels, of 
varying percentages of length of parallel middle-body, to determine if there 
was a best length of parallel middle-body in a given case. 

All the moilels tested had the same midjjhip section coefficient, '96 ; 
ratio of beam to draught, 2-5. Variations wore made in the prismatic co¬ 
efficient, and in size and shape bf the curves of sectional area. They were 
derived from a parent form, whose prismatic coefficient is '68. 

Let curve 1, fig. 112, he the curve of sectional areas desired, having a 
length of paf-allel middle-body !. and ends of the same cross sections as 
parent form but more closely spaced, bet curve 2 bo the curve of sectional 
areas of the parent form. Both are drawn'to the same maximum ordinate. 
To determine the section of derived vnodel at CD, square F across to E. 
Tlien section B E of parent form is the shape of section F D in derived model. 
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Three series of models wore tested ; each series contained twenty, there 
being four sizes, and for each size five curves of sectional area. The 



/lit Spfftt - Lenglii RttUo ^ 


Fio. 113—Curves of residuary resistance per ton of displacement for four disidacement- 
leuftth ratios. Each with delinite per cent, of jiarallol miildlc-body as indicated all for 
prismatic eocfiheient of-74. Hlock coefficient'71. , ’ 


prismatic coefficients were "68, ■74,*and '80. There were varying percentages 
of parallel middle-body from 0 to 60. a 

Resistance being partly due to the surface friction, this was separatel? 
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estimated. It was found that ju’aetieahlo \’ariations in tlie leugtli of parallel 
middle-body in a given case will have hardly any elfect upon the skin 
resistance. 

Concerning the residuary resistance, fig. 11.1 shows the curves of 



Fio. 114.—Cmves of minimum residuary resistance and percentages of ]iaraUcl middle 
liody for series of iirismatic cocfficjcnt = 74. 


residuary iesi.stance per ton of displacement for the series whose prismatic 

.coefficient is -74. The abscissa: are values of the s])eed length ratio and 

the ordinates are values of residuary resistance per ton of displacement.. 
The four sizes are indicated by the four values .57'4, 86-1, l^S*!, and 172'2 


Scale, for pjer cent of fioJ'&lLATnidcLLe hody 
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i> 


of the displrtccincnt length rutio / y'h Kach set is drawn for percentaj 

VlOO/ 


increases 


the 


of parallel middle-body, 0, 12, 21, 2(1, and 48. 

It is seen that, at the very high speeds, the resistance 
percentage of parallel middle-body increases. 

The results, for series of prismatic coefficient '74, are snmmaris^'d in fig. 

114. The results are plotted upon values of— t- and consist of— 

vl-- 

(1) A curve showing the minimum residuary resistance. 

(2) A curve showing the percentage of parallel middle-body corresponding 

to the minimum resistance. 

(3) A curve of residuary resistance 10 per cent, above the minimum. 

(1) Curves f percentages of parallel middle-body, .above .and below the 
minimum percentage, for which the residuary resistance is 10 per 
cent ".bovo the mini''mm resistance. These curves vary slightly 
with displacement-length ‘oellicient, and may bo taken as indicat- 
ig the boundaries'u; bin which‘the length of parallel middle-body 
m;i,v be varied without ai)prociable effect upon the resistance. 

For the range of speeds atUamed in practice by full vessels, the best 
length of parull i nrldle-l od_t is, for a ])rismabie coellicicnt '08, from 12 to 
*1() per cent., but may be 20 per cent, without material increase in resistance. 

For a prismatic coefficient '74, the best length is from 24 to 27 per cent., 
but niay be .3(1 to 40 pi'r cent, without material increase in resistance. 

For a prismatic coefficiont '.SO, it is from 32 to 3.5 jrer cent., but may be 
•14 to 48 per cent, without material increase in resistance. 


These conclusions apply to values of 
V 


V 


.'ibove '.oO. 
/b 


For very low values 


of the above limits may be materially exceeded. 

V b 

Id'ol'essor .Sadler of Michigan Fniversity has recently conducted a. scries 
of experiments upon t/if iufhinirc <if the jioi>itiou of the iiiiih/iiji stetiou upon 
resist mice. The two series of models tried were of the ordinary form, and in 
each series the length, breadth, draught, displacement, sections and curves 
of sectional area i ere kept constant^ the only variation in the form being 
that due to exnaicling c^- contracting the I'orwaril- and after-body, due to 
placing the midship s c.'.ion at various jiositions ill the length. 

4Vlu;n the midship section is at the centre of the length, the curves of 
sectional area in both models arc the same for both forward- aiKl after-bodies. 

The following 1 ible gives the jiartioulars of the models ;— 
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Ill each case llic midship section was placed in four positions;— 

(1) At the centre of the lengtii. 

(2) At 5 per cent, of the length, aft of the centre. 

(3) At 10 per cent, of the length, aft of the centre. 

(4) At 10 per cent, of the length, forward of the centre. 

'I'he curves of sectional areas for the two models are shown in fig. 115. 
The curve for 2 is omitted, and that for 4 is simply 3 reversed. 

The curves of residuary resistance tor model A are shown in fig. 116, 
tlie abscisBic representing the position of the midship section with respect 
to the length, and the ordinates the residuary resistance for a constant 
V 

value of --.for each curve. 

Vi- 

Similar curves for model B are shown in fig. 117. 

It is seen that, at low values of —'7 in A and 5 in B—the position 


of the midship section has little or no influence upon the resistance, but as 




-j_i_L 

/ox .« « 


-‘ 1 '^' Model B 

‘ Fio. 115 



_1-[_ 

m 

t'orwaril 


the Speed iucrcases there is a eertaiti position for each speed where the 
resistanec is a minimum. This position travels aiT as Uie speed increases. 
With the midship section 10 per cent, aft, or forward, of the middle of 
the Icnfjjth, the resistance shows a marked increase at tlic hif^her values of 

■ . Ihc “cod’s head and inackorers tail ’ is wrong for i?igh speeds. 

vL 

111 the fuller lorin, 15, the effect of 'Che position of tne midship section is 

noticeable at a smaller value of y. than iu the finer form A. 

sJL 


In A, for values of —1, the resistance is a minimum when the 

imuimum section is amidships. ^At — — T2o, it is minimum at 5 per 

vK 

cent, abaft amidships. 

In ii, for values of the resistance is a minimum when the 

' vL 

maximum section is amidships, and when, ^ =115, it is a minimum when 


this section is 5 per cent, abaft amidsliips. 
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Interference of tlie Bom- and Htern-mave Systems .—As stiitcfl above, the 
variations in the wfivemaking resistonee are cine to the interferenee of tlie 
bow and stern transverse systems of waves. In order to make clear the 
principles involved, the following mechanical explanation, suggested by Dr 
Fronde, is of some value - 

Imagine a pendulum fastened to a ring which travels along a frictionless 



-J_ I _ I _I_L_ 

WX ^ SX ' W/i 

Positio7t if tSeetJim.. Fvrwat.f 

• Fro, llfi.—Model 


rod at a uniform speed. Let the rod be bent transversely in two places 
by S curves, as at A A, B H, fig. 118, the two straight parts at each end 
being in the .same straight line, and the middle straight part a B parallel 
to them. 

When the ring travels on the part A A, B B, it will be first displaced 
sideways in one direetion. This will set* up a lateral swing in the pendulum, 
which will remain unaltered as long as the ring remains on the middle* 
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straiglit part. This swing represents the transverse wave series left by the 
bow, which shows unaltered all along the parallel side, except so far as it 
diminishes by spreading sideways. 

If the pendnluni bo artificially stopped swinging before the second curve 
is reached, the replacement on to the ])art beyond 1111 will likewise gemerate 
a swing which will remain unaltered throughout this anccoeding straight 
part, and will represent the train of independent transverse waves loft by the 
stern ill a vessel with long parallel sides. 



Fie.. 117.—Model B. 

If, however, the pendulum remains swinging when the ring reaches 
the second curve, the behaviour of the jiendulum on it, and the magni¬ 
tude of the resulting swing, will depend entirely upon the point in its 
vibration which it has reached at the nion'iont of commencing the second 
curve. 

If the curves A A, 1111 are exactly syiiimetrical with one another, 
and the length of the middle straight is so chosen that the penduhim 
enters the second curve in the attitude and state of motion symmetrical 
to that in which it left the first, then the behaviour of the pendulum 
over the seiamd curve will be symmct>'ical to its behaviour on the first, 
and it must therefore leave the fqnner as it entered the latter, namely. 
, in a state of rest. 
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If AAA ill fig. 119 represents the actual path of the pciKliiliini bob in 
reference to tlie rod, B B B what would be the continuation of this path if 
the straight continued, and C G C the path it would acquire in passing over 
the second curve if it entered without swung, then the actual resulting path 
will be such that the ordinate to it, at any distance from D 1), will equal 
the sum of the ordinates to the paths B B and C 0; the ordinates being 
measured from the middle lines of the vibrations, and reckoned positive in 
one direction and negative in the other. 

When the two components are simultaneous in the same direction, the 
resulting vibration will be at its largest, and will be the sum of the two, the 
energy being proportional to the square of that swing. When the two 
components arc opposite to one another, the resultant will be at its smallest, 
being equal to their difference. 

It has been .nointed out that the height of the waves made, and the 
resistance cauuca, will be at a maximum or minimum according as the 



Fig. 118. Fig. 119. 

crests of the bow-wave series coincide with the crests or troughs of the 
natural stern-wave series. * The wave sections observed in the wake of 
the models used by Dr Fronde, at the speed corresponding to IST.O knots 
for the ship (see fig. Ill), »rc shown in fig. 122. They are drawn above one 
another, so that the vorical intervals between their base linos arc propor¬ 
tional to the differences in length of parallel side; the points in eacli, 
A|, B„ etc., roproseiiting the position of the stern, being vertically over one 
another, so that the points representing the bow, fig. 123, fall naturally 
into a diagonal line. Parallel lines (1 Gj, H Hj, etc., represent the position, 
as measured from the bow, of the successive crests of the bow'-wavo scries as 
they' show against tlio^iarallei side in the longer ships. 

In fig. 122 a curve of a residuary resistance is also shown, and it w'ill 
be seen that the maximum resistance and largest waves are about where 
the crest positions of the components coincide; and the miniimim resist¬ 
ance and smallest waves, where the crest of one falls in the trough of the 
other. Fig. 124 shows lines of parent ship and wave profile at 14-43 knots. 

Principal effects of mterference* of the Bow and Stem transverse Wave 
Systems. —We must at first consider th» problem of the combination of waves 
of equal lengths, but of different amplitudes. 




150 


THE DESIGN AND CONSTEUOTION OF SHIPS. 


Consider two waves, of same length and different amplitudes, moving in 
the same direction. 

Let 4., la; the heights of the waves, A the wave-length, and S the 
phase diflferenee. 

Let 0 he the orbital centre of the surface particles, fig. 120, and AOB 
the constant difference of phase angle. 

If we draw A C parallel to 0 B, and B C jjarallel to 0 A, tho resultant wave 
is that Waood out by 0 C. 

And therofoi'e, if h is the height of tho resultant wave, 

42 — h^^ + + 24j4., cos tf/, 

or, in terms of phase difference S, 



since 


, S„ 

^=-2w 


43 = 4i2 + 42= +^4,4.2 cos ~Y- 

ti 

To apply thi.s to the bow and stern transverse wave systems, assume 
these waves to be simple wavfs of height 4^ and Their wave-lengths are 
the same, being that due to the speed of the ship. 

Lot the height of the bow wave, when it has reached the stern, be 44j; 
k will be a number less than unity. 

Let S be the distance between the primary crests of the natural bow and 
stern systems, and let S' be the distance between th'e primary crest of the 
stern system and the next crest of the bow serifs. Fig. 121. 

Then the resulting series will have a height 4 given by 


43 = 434]3 42“ + 244 j 42 



Now, S-l-S' is the distance between two of the crests of the bow series 
. and therefore S -P S' = nK where ra is a whole number. 
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8' = rtX - S 



Fig. 121. 


Lot S = i/iL where L i>i length of ship and m is a number very nearly equal 
to unity. 

Let V be the velocity of thq ship in feet per second. 

Iheu — 

•9 

W = ¥h 2 + A.,“ + 2kh,h, cos 

Now the energy of a unit breadth of a wave is proportional to its length 
and to the square of its height ^oe p. 1.'53). The wavemaking resistance 
is due to the amount of energy that ,is drained away from the ship due to 
the creation of these waves. 
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Tiiun, the energy lost due to the degradiition of the how wave as it passes 
aft is proportional to 

- kV,^^ 

and the energy lost in the resultant stern-wave system is proportional to 

+ h:- + eos 

1 - 1 - 

and therefore the tutal loss of energy is proportional to 



Consider a"ship run at gradually increasing speeds, h is constant, m is 
practically constant, and and the coefficient k will increase with speed. 

The vahie of will continually decrcasg, Thus the resistance will 

II- 


tiuctuate about an cvcr-iucrcasing mean value, the spacing of the fluctuations 
depending upon successive increments of *each equal to 'Jtt. Thus the 


speeds corresponding to .snccessivo humps and hollows are such that their 
square.s are in harinonical progression. 

AVith a given entrance and run, and> at a given speed, /q and /ij are 
eonstanl, but k will decrease as h increases. Thus the resistfincc will not be 
constant hut will fl\ictiiate about a mean value, the amplitudes of the 
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fluctuations decreasing as L incrcasos; and tlio spaeings such that successive 

value.s of dilfer i)y 'lir. Henoo the .spacing at tlie same speed is uonshuit, 

and at difFcrout speeds it varies as v-. 

Effect of Density of Lii/uid on liesistonne .—The density of the liquid in which 
the vessel is floating will affect the energy of the wave, and consequently the 
wavemaking resistance. The energy varies directly as the density. »Frictional 
resistance also varies directly as the density. In passing from fresh to salt 



Effect of Eorm on Hcsistance .—In 1870 Mr \Tni. Fronde published in a 
paper the T'osults of a scries of experiments on the comparative resistances 
of models of four ships of the same displacement, hut of known differences 
of form. The corres^)ouding dimensions of «hips varied from a length of 369' 
to 294', beam from 49'4' to 37'2', and drauglits from 19'32' to 16'2.o'; the 
common displacement was .?980 tons. The conclusion arrived at from these 
experiments showed that in general the resistance will he decrea; >d if, instead 
of a p.arallcl middle-body, the fore and after bodies are expanded so as to 
obtain a ship of the same displacement as that with parallel middle-body, 
although the ratio of B to L be sBmewhat increased. The results are shown 
in fig. 12D, and arc deserving of careful study, as showing the effect of form 
on resistance for varying speeds. 
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Another- cause of the variation in tJie resistance is that of irret/ular move¬ 
ment. All bodies moving in a frictional fluid have a certain amount of 
water moved with them. There is also a mass of water in motion relatively 
to the vessel, some moving ahead and some astern. This must be taken into 
consideration in any rapid changes of velocity involving acceleration or the 
opposite, as it practically takes part in the motion of the vessel. This amount 
is gciuirallv from 15 pei' cent, to 20 per cent, of the displacement. 

The resistance of a ship in a seaimy is considerably greater than the 
resistance in smooth water for the same speed, the chief causes tending to 
produce this result being as follows:— 

(i) The wave disturbance of the water produces in the regular stream¬ 

line motion a confusion and disturbance, thus entailing an increased 
amount of energy required to sustain the wave system above that 
necessary in smooth water at the same speed. , 

(ii) Pitching and rolling, especially the former, place the ship in positions 

which, relatively to the propulsion, arc most unfavourable, thus 
causing an ino-ease in the mean resistance. 

(iii) The waves and the actio-.! of pitching and rolling tend to make 

irregularities of speed, and so increase the resistance on account of 
the energy lost in overcoming the inertia of the body. 

(iv) The frictional resistance is increased as larger veluiues yf water have 

to be set in motion. 

It is, of course, impossible to estimate the exact ell'cct of these irregular 
modifications, btit they may be counteracted to a certain extent by increase 
of length and good freeboard, largo size, and the resultant large weight. 

Mr K. E. Fronde contributed to the Institution of Naval Architects in 
1905 the results of a series of tank experiments made upon the resistance of 
models in artificially created waves, to determine the effect upon the resist¬ 
ance due to the pitching canned by the waves. The sea condition of the ship, 
w'hich is thus represented by the model, is that of steaming against a regular 
head sea. 'I’lic models wore fully decked in, and in some cases were fitted 
with a forecastle. They were ballasted to float at the desired trim, and so 
that the longitudinal moment of inertia about the C.G. should be proportional 
to that of the 'ship. The period of pitching wsi.^ thus proportioned to the 
period of the wave in the same ratio as in full-sized ships and waves. The 
residts of augment of resistance were jflotted for a given speed, and longi¬ 
tudinal radius of gyration to a base o^ wave peric'd. The resistance has a 
very marked maximum. A diflerence in wave period of 15 per cent, either 
way reduces the increase of resistance over that in still water by 50 per cent. 
The period of the wav(! corresponding to greatest resistance exceeded that of 
the pitching period of the ship. The largest series of waves \ised caused a 
pitching of 6° fi’om out to out, and increased the resistance by over 
100 per cent, above that for smooth water. ¥nder these conditions water is 
shipped forward with nearly ovtry wave. KesistanceS with varying longi¬ 
tudinal moments of inertia were measured, with Jhe result that the maximum 
resistance and pitching angle increased with the radius of gynition. Differ¬ 
ences in resistance against waves due to snudl variation in forms were 
obtained, but they are much less than the difl'erences d!ie to variation in 
* dpDgitudinal radius of gyration. Thu effect of straightening the lines of a 
hollow lined form was to increase smooth water resistance but to make the 
difference between smooth and wave \<ater resistance greater in the hollow 
than the straight lined ship. 



CHAPTER XI. 


DETERMINATION OF THE RESISTANCE OF SHIPS 
FROM MODEL EXPERIMENTS. 

• 

Expehimkn'I's on resistance.' liave been made in a few cases on tl>e actual vessels, 
but generallj sncli evpcrintciius have been limited to models not e.xcccdiug 
20 feet in length, hi trying a m iel of a ship in order to determine its resist¬ 
ance, we have already seen that there ninst be some speed for the model which 
will correspond to the specil of the ship, and the law used is that of “ correspond¬ 
ing speeds.” In r.oiiiparing -<haihir sldpx with one another, or ships with models, 
the speeds iMist»:i^ proportional to the square roots of tloeir linear dimensions. 
Take as an example a ship of 500 feet which we wish to drive at 2.‘5 knots, 
and for which we have made a model 12 feet long. Then the ratio of the 
linear dimensions is 


then the speed for the model corresponding to 23 knots for the ship is 

=3-.5G knots. 

s/fl-OG 

We have now obtained the speed at which the model has to be run. To 
determine the resistance of the ship from the resistance of the model we must— 

(1) Determine the totJil resistance of the model. 

(2) Calculate the frictional resisfeinco of the model. 

(.3) Deduct the frictjonal from the total, and obtain thereby the wave¬ 
making resistance of the Aodcl at the “corresponding speed.” 

By means of Fronde’s law of comparison we can '’ctermino the wave¬ 
making resistanoo of the shi)). The law is as follows; 1 f the linear dimen¬ 
sions of a vessel be I times the dimensions of the model, and the resistances of 
tho latter at the speeds Vj, V^, Vj, etc., are llj, K^, Hg, etc., then at the 
“ corresiionding speeds ” of tiie ship Vj Ji, V^Jl, V, J/, etc., the resistance 
of the ship will bo Itjf^ RjF, ItgP, etc. • 

The total resistance of'tjie vessel can now be found by— 

(1) Calculating the frictional resistances of the ship at the various speeds. 

(2) Oaleulating the wavemakiug resistance of the ship from that of tho 

model at the various speeds. 

(3) Adding the results of (1) and (2) together for the respective speeds. 

The results may now bo sot off inPa curve to a base of speed. The curve 
is usually called a “ curve of resistance.” 
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It will 1)0 seen from the foregoing that in order to determine the resistance 
of a ship of known form, it is necessary to determine the resistance of a model 



of the ship on a convenient scale. From this may he deduced the wave- 
making resistance (r,,,) for the model by deducting the value of the frictional 
resistance (tj). Then applying the law of comparison wo may obtain the 
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value R,„ at the correaponding speed for tlu’ ship, then add to it the calculated 
value of Il„ and so obtain the total resistance at the chosen speed. The 
determination of model resistance is therefore the foundation of aocnrato 
determination of ship resistiinco. This work is done in what is known as an 
experimental tank, l)iit it would he better namo,d a resistance tank. The 
following is a description of one of the most recently constructed of those tanks, 
namely, that at th.o shipyard of Messrs .lohu Brown A- ('ompany of^Blydebank. 


Ubsistanc’e Curves “Mkrkara,'' etc. 



Fia. 125 . . 


It should be noted that all experimental banks are not only used for the 
purposes of determining tho^-esistonce of the model, but for the study of the 
problems of propnlsiou by screws ami paddles, both alone and in conjunction 
with the ship imxlols. This latter use of the experimentiil tank will be 
treated fully under the Read of Propulsion. The followims description 
includes that for the whole apparatus, part of which is used for 'he subject of 
propulsion.’ 

The experimental tank at Clydebank is very similar to the Haslar tank 
except in details in which expertenoe h.as shown that the latter could be 
improved. The length of the actual tank is 400 feet, although the water 
extends to a distance of 445 feet to allow of docking facilities for the models. 


17/ tft 
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The depth of the tank varies uniformly from !) feet to 10 feel, the slojie heinj; 
given for the purpo.so of draining and cleaning tln^ tank. Tliei'O is a uniform 
breadth of 20 feet of water, and at the one end there are wet and dry docks, 
the wet docks being used for the storage of models, and also for the purposes 
of ballasting picvions to a trial run The dry dock is so placed that the 
towing ti-iick can he run over it, and so allow of an examination of the gears 
for the (lyi{amoni(!ter and propellers. At the other end of the tank there is a 
sloping concrete beach, wliich hcl))s to break up the waves caused by the 



travelling of the model through the water, a recess being left up the middle 
to prevent damage to models oi- screws. The»cross see.tion of the tank is 
rectangular, and the basin is mad« of concrete, backed with puddled clay, as 
shown in fig. 127. The building is of brick and contains, besides the tank 
proper, a large drawing-otticc, tracers’ room, and superintendent’s olfiee, with 
the necessary safes, etc. In connection with the tank there is a staff of 
model-makers, who assist by making cores for the castings of the par.attin-wa.v 
models, and wdio, after the model leaves the shaping nuiehine, help to fair up 
its form. In order to keep the temperature of the tank constant, a eom])leti‘ 
system of hot-water piping is instelled, which is under perfect control. 

The models used are generally about 15 feet long, except in the ease of 
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high-speed torpedo boats, when the length is about 11 I'oet. During the 
trials, the models are run at speeds corresponding to greater and h'ss than 
the trial speed, and at several displacements. 

When the wax casting of the model is sufficientlv hard it is levelled up on 
the top and taken to the sha])ing machine, where it is pi,iced on a wheel 
carriage. It is secured at the middle line, keel upwards. In front of this 
carriage there is a table on which the half-breadth plan of the sliiji is fixed. 



There are two cutters, which Rotate at about 2500 revolutions per minute. 
These cutters are adjijptablo about the centrijline of the carriage, and also in 
a vertical direction. The cutters are driven through belt and rope gearing 
by a 2| B.H.P. electric mStor. The cutter is traversed backwards and 
forwards and in and out. A 3-iuch coiiper pipe runs underneath the carriage 
for its whole length. Through this tube runs a piano wire, and attached to 
this wire are two leather hydraulic pistons. The wire is led through 
packing glands at each end of thi* cylinder, aud is carried over horizontal 
guide wdicels fixed at each end of the# carriage. The ends of the wire are 
ultimately fixed on the carriage centre. From a valve box, with which are in 
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connection a rotary paddle pump and reservoir, connections arc made to each 
end of the cylinder. Tlic cylinder, pump, and connections are filled with 
paraffin oil, and the pump forces this oil at a pressure of about 15 lbs. per 
s(iuare incb into cither end of the cylinder, thus causing the carriage, through 
the wire, to move. Hy suitably working the valves in the valve bo.v the 
carriage, and consociuontly-the model, can be run in either direction. The 
travel of tlu' liarriago is uniform, and there is no backlash to take up. Water- 
lines are cut from midships to the ends in order to j)revont hollows being cut 
into the model. Should it happen that the cutters are run into the wax 
to such an extent as to offer a rcsisbinee greater than the oil pressure could 
overcome, the carriage will stop, and so prevent the cutter spindles from being 
overstrained. The table with the half-breadth plan i.s in gear with this 
carriage, and by using suitable change wheels any dogn-e of relative motion 
can be got. One hand-wheel controls the up-and-down motion of the cutters, 
and a similar wheel controls the in-and-out motion. This second wheel 
imparts, through a pantograph (to the tracing point at the drawing), a similar 
motion to the cutters. It is possible by adjusting the fulcrum of the panto- 
grapb to cut models from one sef. of lines to any proportions of length, 
lireadth, and draught. On coming out of the shaping machine the model is 
not smooth, but the surface has the .appearance of a scries of ridges one 
behind the other. The model-makers now' take it in luv'd and finish it off to 
the waterlincs cut on. It is then accurately weighed and'launched. When 
a test is to be m.ade with a model, it is correctly loaded to the designed 
draught and trim. The models when not in use are kept submerged, to 
prevent alteration in shajje from taking jdace. The dynamometers and 
screw trucks .are shown in tig. 128. The structure is of Wood l)oxing, giving a 
maximum stiffness for weight. This is the only electrically-driven tank truck 
in this country so far, all the others being rope-driv('n. The current is 
supplied from the pow'er s^tation, but, owing to the constant change in the 
voltage, the current is first passed through .a motor generator into .ac¬ 
cumulators, from which it is again discharged through the generator at a 
suitable and regular voltage. Due to this aiT.angcment, and to the p.articular 
w'a.y in which the ti'olley wiihig is carried out, it is jjossible to maintain 
uniformity of .speed on a run down the tank. Two 0 15.11.P. motors drive 
the truck, and also, through counter-shafts and fiord-leads, (1) the resistance 
recording drums, (2) trim cylinders an the main truck ffor nu.asuring the 
change of trim of the model), (3) the screw pi-opeUcrs, and (4) the recording 
drum ou the screw truck. .'\utomatic*cut-offs and br.'vkes prevent the truck 
miming too far either way. The recording drums and trim cylinders .are so 
geared as to make one revolutibii in the length of the tank, no matter at what 
■speed the carriage may be travelling. P>y using differently proportioned sets 
of pulleys it is possible to give the propellers almost any desired number of 
revolutions in conjunction with a particular speed of model. The method of 
measuring resistance is the saniiO .as that used by T)r •f''roude. Viz. to record 
graphically the extension of an accurately made spiral spring. The magni¬ 
fication used in this instance is twelve, and eacli spring is standardised before 
using. A diagrammatic representation of the appar.atus for recording 
resistance is shown in fig. 129. The drag of the model pulls hofizontally at B 
and produces at If a parallel, equal, .'ind opposite motion to that at B. This 
motion extends the spring .S to such an eltent as to produce eciuilibrium. F 
is moved proportionately to its distairse from the fulcrum (A), .and this motion 
produces a magnified and opposite movement of G. The bearings at B, C, 



DETERMINATION OF THE RF^ISTANCE OK SHIPS. 161 



VOL. n. 


Fig. 128, 


















162 


THE DESIGN AND CONSTRUCTION OF SHIPS. 


and 1) are all a.t the same distance from A. 'J’hcsii liciirings arc all knife 
edges, and a weight w hung on at C will produce tlu' same extension of thi 
pen rod along the drum as if there were a horizontal i)ull of value w at II. Ii 
is thus possible by hanging known weights on at C to got a scale for evaluating 
the resistance diagrams. 



TYPICAL REStSTANCB DIAGRAM 
~I^RT tOC 

* <!TA^OAflO LOG 


oisTANce.'^ SS peer intirvals 


j- u -vnjnr inrv j- 


STROPHOMertR 



Kl(J. 129. 


On the resistance druiii the (ollowinij; are recorded: (1) rosislanco in Ujs. ; 
(2) the distance traversed, in nmltiplos of 25 feet, Uiere hein^^ ritiiall electric 
contact-inakers ah»ug.side the rail 25 feet apart; (5) tini(‘ in Iialf-scconds; 
(4) measure of the current in the water (this is mo.isured by means of two 
log screws running in advance of the* model); (5) a gra])hic reconl of the 
speed, to show any want of uniformity of motion. Thus for a certain model 
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at known (Iriuij^lits and {li.splac(;ments the resistance in lbs. and speeds in 
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feet per minute are obtained. It is also possible to note the trim of tiio 
model under the various conditions of loading. On the screw truck, time, 
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distance, and revolutions arc recorded on one drum, while thrust and belt pull 
or turnin'; moment arc recorded antoniatically, these latter being measured 
by .spiral .springs, as in resistance. Tiio above diagram (fig. l.'iO) gives a 
rough idea of this arrangement. 

The wheel N is driven off tlio main driving-whocl.s of the carriage, and by 
using a])j)ro[)riato gearing any chosen number of revolutions can be given to 
N. This wheel is alwin's driven in the direction shown, whether riglit- or 
left-lianded sorew.s .are used, so that the spring <) may .alw.ays be in tension 
and not compression. Now if T be the teirsion in tlie cord on the driving 
side and t that in the slack side, then the effective driving force is T - 1, 
which acts on tlio rims of wheels W. The downward pull on I’ is 2T, which 
causes an elongation in the spring O, which extension is recorded bj’ the 
movement of the pen rod (1. The slack portion of tlu! cord jms.ses oxer the 
pulley H, which is conscxpicntly pulled down xvith a force 2f, the x'alue of 
this force heiiig determined by the weight M on the lever 11 b. 



Fig. 131. 


'Hic gurnard frame which carries the projiellers is swung from the main 
frame by steel spring suspensions, thus allowing the propellers, as they exert 
a thrust, to carry foiward the gurnard frame, whose motion, through a bell 
crank lever pix-oted at A, is recorded on the drum by the pen rod 1). Thrust 
and belt wil.h Hie propellers off ai'e iT'corded under the same conditions as 
held with tlie propellers on, and so tlie nett value of these due to the presence 
of the firopcllcrs is obtained. ' It is thus possible by using the screw truck 
alone, the main truck atone, or the mo in combination, to get propeller 
oHieiencics, thrusts, wake factoi-s, thrust deduction, hull efficiency, and 
resistance for any model, in conjunction xvifli any chosen screw or screxvs. 
The results of all model expe'-iments .are first plotUd in terms of lbs. of 
resistance on a base of speed in feet jier minute. Afterwards the results are 
reduced to the “constant” .system of .Mr Fronde, which is described later. 
This system is a method of standardising results. A standai’d length of form 
is used, and values of (C) (resistance) in terms of K (speed) are plotted. Iso 
(K) curves are also made. Curves showing F.H.l’. (effective horse-power) 
ii; terms of speed in knots are also plotted. 

The propellers used are of a white metal, and are made and finished by 
the staff of the lank. 
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The tank e.xperiinonts give on the recording niiicliine a record of tlic total 
resistance, and not of the w.avomaking icsistancc atone ; it i.s, liowevcr, quite 
a .simple matter to s(!j)arate the rcsi.stance into frictional and residuary 
rcsistancc.s. 

In the above fig. l.'ll A A rofiresent.s the curve of total re.sistuico for 
model, as olitained from the tank oxi)eriments. We have now to e.alculate 
the resistance due to tlie skin friction of the model by the formula 
where H, is the frictional resistance in lbs., f is a eoeilicient obUdned by 
Kroiidc for jdanes of |)arafhu wax of a length the same as the model, S is the 
wetted serface, and V is the spec’.; ii is the power of the speed, and is 
obtained from tin; e.\pcriuients on planes, p. 117. From the base set up, the 
v.alues so obtained .at the different speeds of the inwlel and through the 
]>oints draw' the curv<‘ (M'. 'I’he dilference of tlie ordinc.tes of the curves 
A A and (! (! gives tlie residuary resistance for the model, or, to the proper 
scale, that of b.e ship. Now, knowing the length of tlie ship anil the wotted 



I' // 
l'// 


IF 

Km. 132. 

surface, we can clioose a cot'flicient value of ,/'and a value of n in the formula 
It, ^ /'.SV" 'I'hes, will give us the fri^'tional resistance of the ship at various 
sjieeds. .Set down the values from the curve C (! and we shall get the curve 
1515 ; the difference of the ordinatcs'botween the curves A A and 15 15 will 
give the t.otal resistance of the ship at various siiccds. Now the model has 
been tried in fresh, water ; and as the resistane'e in various liquids vary as the 
densities of the liquiib., it will be necessary to multiply the resistances so 
obtained by (in this case) I 021), which is the ratio between the density of 
fresh and salt water. This giv<is the resistance of the ship under the ordinary 
salt-water conditiiais* V'cii full results of.investigation made by i)r 11. K. 
Fronde upon the resistance due to forms having block coetticients of '■~> to di 
have been published in the 'Annsnc/ioiix of the iMtUuiion of f\hiivixl Architects 
for 1904. Professor .Sadler, of Michigan University, TT.S A., has recently 
published in*thc Tronsartioiis <f the Anwricmi Soctett/ of Xaxxal Architects for 
1907 and 190b the results of experiments on models having block cocthcicnts 
of about "7 to '8.5. * 

Proof of Fromle’s Law of Comparison. —Consider a stream-lino motion in 
a perfect fluid. No rotation can be imparted to any element of the fluid, 
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since an interface can (inly liave [nchhiirc across it, and no tangential stress 
along il. Tlicrcfnrc any rotation which an clement seemingly possesses due 
to its motion in a curved path, must be ctpial and opposite to the rotation 
due to the difference in velocity of the stream lines. 

Thus, for an irrotational motion wo have 

'’ + '"" = 0 .( 1 ) 

, l> T 

See tig. l.'jJ. 

Where t is tiic thickness of the path across Hhich the difference of velocity 
is i/i’, /I is the radius of curvature of the path. 

.'. - is the angular velocity supposing the water solid. 

-- is the necessary opposite rotation for irrotationality. , 

T 

Also for continuity, 7 >t = constant . . . • (^) 

vdr + Tili’ = 0, 

' , di’ 

or (It- - T— 

V 

= ’" from (1). , 

P 

This .shows the increase of thickne.ss of the stream tulies as we pass from 
one to a.uother. Hence, given two .stnaun liiu'S, we can get a third, and so 
on. In motion round a solid, the bouud.iries must be stream lines if the 
motion is steady. If a body be totally submerged and moving ihrough a 
perfect fluid, with true streamdine motion, the excess of pressure on its 
forward part is exactly balanced by the defect on its after ]iart, and hence 
the body experiences no res7.stance to motion. This is on the assumption of 
an inlinite fluid, stretching away in all directions from the body. When, 
however, as in the case of a ship, tlie lawly is not wholly submerged, the 
modifications of the pressures caused by the discontinuity of the fluid, i.<. by 
the surface of the fluid which is a boundary, cause, a resistance to motion. 
Waves are created, which are due to the diflwrenecs of hydrodynamical 
pressure inherent in the system of stream lines which the passage of the ship 
creates. *' ^ 

2 

Wc have seen that bctwu'cn successive stream lines the cipiation iIt = '^- 
• P 

holds. Now t and p arc linear ijuantitics, and therefore their absolute 
dimensions depend ujion the scale. 

Thus, for one ship form a stream-line form can be derived, and from this 
form the next, and so on, until a comjilete systipn is obtained which will be, in 
actual dimensions, dependent upon the scale, and one dijaw'ing will represent 
many forms of varying scales. Hence the stream-line motion round one 
ship’s form w ill be exactly the same as for the .4ame ship’s form on another 
scale. There must be a variation of velocity' between the different dimen¬ 
sions at the corresponding points in the form, but xve need nof attempt to 
ex’aluate the exact x'elooities. Wc only need to find the rclationshij) between 
them. < 

Suppose A and B, fig. 1.33, are stream lines for the same fonn, but on 
dilierent scales. Let dimensions of A be m times those of JJ. 



DETERMINATION OF THE RESISTANCE OF SHIPS. 


167 


Lot symbols with siillix A rofcr to liibo A. 

)) IT b ,, ,, II. 

Thou, by llermmlli's (!i|uati(>n, taking tlie datum line at still water level, 
where px and pi^ are the supor-atinospherie pressures, 


V ,}h 


+ 2a — /^A 


-- •\ -1-*B —"B 

2<j u’,. 


Now /(A = w/«n, 

and 4,, =■ 


Hence 





Fto. 133. 


If (.a- = »/M-,:% 

then = m—. 

"’a «!,, 

The resistance is the total not resolved values of p, in a fore and aft 
direction, over the whole surface of ship. 

Let dk and tfil represent elements of area of surface of forms A and B. 

Let 8 bo tho inolinatioif of the nor«ial to the element with the middle lino 
of waterjilane. ^ 

Then Kesistance of A [ jpxdk cos 8 all over A 

’ Resistance of 13 ,■ JpudB cO'i 8 all over j< 

_ cubic displacement of A x v'x 
cubic displacement of B x w„ 

where Wa and are the weights per cubic unit of the fluids in which 
A and B respectively are moving • 

_ displaoo inent of A in tons 
displacement of B in tons’ 

».e. at speeds and where i>a‘^ = 
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\Vo M‘('frciin llio iiHuc tlial i he «.iv('iiiakiiig' rcsislain'i nl '•inilar - ips 
at VflDoitics I'olulcil a.^ will vary a (hr ilihplacciiiriil 'I’lii ii- I’ro Ir’s 

law {>f roinpariisim. 

.'SiipjiDsr l’„ =/I 


ill wliioli I) i.s tlir (hsplLua'iiiriit, V llir vriooily, and / 
constant for the same form. 

For I, smaller ship of same form, 

r„ 


and Iherefoiv 



roelhciont wliirli is 


From the law of comparison, if V and a lie rorrcsjioiiding sjieeds, 



And therefore, if tlio ships move in w.ater of (lie - me density. 



(.horeforr « + - 1 — 0. 


Ihns, if the (vavemalvifg resistance can he evpiessrd in such a manner, 
the above relationship must hold hetween a and j}. 

'file following talde gives the law for varioms values of a and [i. For 
any value of fi deduced from a curve of resistance of a given vessel, then 
the value of a which must satisfy the above equation is shown in the same 
column. 


1 “ ^ 

j ii 


d 

0 

i 


i 


i » 

i fi 0 

1 

^2 3 1 4 

5 6 

1 K„. / 1) 

kWN 

i-DiV- HfV-' 

fDH’-i i kV’ ! 




_i__ j 


Hence, if the resistance for a given ship varies as the Gth power of speed, 
at a given s[)ced, the displacement may ho inertased or decreased indetiiiitoly 
hy proportional enlargement or reduction without change of waveniaking 
resistance, at that speed. • 

The resistance duo to eddy motion is found to vary as the square of the 
velocity and also as the cross-sectional laroa, and therefore follows a law 
R=D.'\“; that is, it follows the law of comparison. It may therefore he 
inAndcd in the vvavoinaking resistance. 
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The shin resistance follows the law 

U, = /SV‘“, 

:iik1 cannot, thorofoiv, bo inolnded in the law of comparison. 

Effect of Si:.e on Economiml Eropuhion .—Let 1.)], Dj bo the displacements 
of similarly shaped ships, It, the waveiuaking resistance of Dj at speed V,. 
'I’lien the wavemaking resistance of Dj is, by Fronde’s law, 

11.,= at speed = V^. 

If wc assume, in (I ■ ighbouvhooil of Vj and V.^, that ll., varies as V", the 
residuary resistance of the first at peed V,, is 



so that the ratio of 'he resislaoeo of the second to that of the first 
at sjieod V., is , , 

and therefore tlie latio o. t'.e resistance jier ton of displacement, of tlic 
second to the li. 



Thus, if and n is positixe, the resistance per ton of displacement is 

smaller in tlie larger slii|). At corresponding speeds the resistance varies as 
the disjilacement, and therefore the resistance per ton of displacement is the 
.same in each. 

Siiifnce of Jt'eKix/ance ,.—We have seen that the wavemaking resistance of 
a shill is a function of the disjilacement and si/f-ed. Hence with these three 
variables wc may form a surface. If we have a curve of resistances of a known 
form at dill'erent speed.s, we can deduce the resistance of any sized vessel of 
similar form at any desired speed. 

Tims we may draw a series of resistance curves for the same form at 
difierent displacements. ,We can thus obtain a “surface of‘resistance 'such 
that the coordinates of anj' point on that surface represent the displacement, 
speed, and resistance al^ that speei and displacement. Such a surface is 
shown in fig. 1« 

Tf we consider the plane XO Y we see that, at corresponding speedy the 
speed varies as (I'isplacemeiit)^ If thereforj wo draw cm ves like A B C 1) and 
A E F in the plane X <) Y, so that, for these curves, yi varies as a where x 
and y arc measiu’ed from the point of zero displacement parallel to O X and 
O Y respeoiively, these curves pass through points of corrosixiuding speeds, and 
the resistance at any poiiil is proportional to the displacement corresponding 
to that point. The standai’d curve is shown drawn in the plane X O Z. 
Knowing the displacement,*.57‘-t tons, corresponding to this curve, wo can find 
the resistance at all points of corresponding speed. Thus if we make 0(3 
equal to the resistance of the standard form at 13 knots and juin A (1, then,^ 
to find the resistance of a vessel of 40 tons at the speed represented by point 
H, wo draw L M and H K parallel to 0 Z, whore M is a point on the line 
A G, and make H K = L M. Then K is a point on the resistance surface. 
Thus we get curves shown by the full lino A K P corresponding to 13 
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knots lor the standard form and AQK which corresponds to 7 knots for 
tlie standard. Tliese^ curves therefore project into straipdit lines A (I and 
A S in the plane \ 0 /j. Intermediate spots, coiTcaponding to any particular 
displacement, can be obtained from the law of corresponding speeds, and thus 
Z 



the whole series of curves shown can be drawn in. If wc now draw any 
line |{ T jjarallel to Y 0 and where it intersects the base line <>1 each 
•resistance curve wo draw lines, as showli, parallel to O Z to mect'lhc curves, 
we can draw a cuirve JVIY showing the resistance of vessels of the .same 
form but varying displacement, at a constant speed. In this ea.se it is 9 knots. 
Wc notice in this case that it is easier to drive a shij) of this fonn of 100 
tons displacement at 9 knots, than one of 40 tons at the same sj)ced. 
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histeiid of plotting the rosistiiiicc curves on a base of (lisplacciiiciilN we 
call [ilot thciij, as in fijr. l.'Jb, on a base of Icii};tbs. 

In ibis case tbo curves A U I) and AK F, in plane X O Y, at eorri'spiaidiiio 
speeds, will bo of tbc form // varies as .i". Also, the resistances at corre¬ 
sponding' s])eeds arc jiroportioual to tbo cube of tbe lengtb, and therefore the 
projection of tbc eiiiwes A K J’ and A Q It in the plane Y O Z are curves of the 
form ; varies as 

tbirve .1 V W shows a resistance curve, for various lengths of vt^isels, at a 
constant sjieed of 10 knots. It is seen that, at this speed, tbc value of K,, for 
a vessel of this form 130 fiiet lon.^ is less than for one 100 feet long, and 
therefore of less displacement. 

The standard curve in these figures is taken from fig. 11.'!, p. 143, and 
I) 

corresponds to ^_L Y* = ’''7'4, with a parallel middle-body of IS per cent. 

vlob; 

Fig. Idt'i shows curves of ofl'eotivc horse-pow'er and displacement for tbo 
vessels .A, 1!, (', and 1>, whose rcsisfanoe curves are given in lig. Id.b. These 
curves h .'e been calculatefi f,n .sjiecd.s Id,*11, 10, and IS knots, Fronde’s law 
having been applied. Tliese are eipiivalent to the section .1 V AV of fig. 131. 

770" “ were the first and most important 

cxperimenls mad'- in Uiis country on a full-si/ed shiji, and were carried out 
by Mr \\ . Froude. Tbe jirimary object of the e.xjieriments was to verify the 
law of comparison. 

In order to obtain definite resulbs, the " tlreyhound" was towed by 
amither ship called tbe “Active,’ and tbe speed, force e.xerted, and time were 
automatically measured. 

The arrangements of towing, m order to avoid the wake ell'eet of the 
towing .shi|), are shown in tig. 13(>. No trouble was e\|)erieueed in keeping 
the “Active” on a straight course. • 

Mmsim-mnit of Sjici'il.- ■ The s[ieed w.is registered by [laying out a con¬ 
tinuous length of twine attached to a log'shi[) consisting of a board feet 
si(uare, and ballasted to sink 4 feet, and to set itself sipiare to tbe motion. 
Tbo twine was saturated with tallow, which imjiroved its buoyancy and 
prevented contraction whim wet. As the twine ran out it cavi.sed a drum to 
rotate. Time was marked u[ion this drum at eijual intervals by means of a 
clock. 'I'o kee[i the log->/!iip clear all tbe wake, the line was run out over 
a 20-foot spar. The. tension in the^twine was ke|it constant, and caused a 
lonstant sli[) of abont’C'S knot. 

A cheek on the log was giviai by the “Active’s” se-ew, the number of 
revolutions very correctly indicating the spce(5. 

Meamil-eini’ut of Tuinini/ Fofce. —This was measured b}' means of a 
dynamometer, in which the full force was brought on a jiiston of 14 inches 
diameter, and the magnitude* of the [iressure measured by means of the 
deflection of a .s[)riTig attached ro a ])i.ston of l|-i'ich diameter. This 
deflection was rejirodnoed <jn an enlai'ged scale on the rce.ording drum 
[iroviously mentioned, the recording apparatus being similar to that used in 
the [ilank ey|)eriuieiits, and describeij at fig. 87. The force to ’le measured 
was the horizontal eomjionent of the tension in the tow-ro])e. This was 
oH'ected by attaching the rope to truck resting on a small length of railway 
on tbe “(treyhound’s” deck, the after-end of the truck being linked to 
the dynamometer. 




l''io. 135. 
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Wind Efftvt. —TIu! resistiiiico of tlic utuiosplKTO had to he oliiiiiiiatod. 
The velocity and dimdion of tlio wind wore doterinincd hy inc.ans of wind 
}!;anf;es. The tow-ropu strain was measured wluai the shi]i moved with and 
afi.-iinst tho wind witli the same veloidty, and also when (he velocity of the 
wind varied. 

Atridemfidii or Jicfnrilulioii Effi’ct. -ttdien tho ship is bcimr towed, the 



Lo^iKhip 

Fm. 


total registered strain on the ro))e is resistance of the water + or - the force 
necessary to accelerate or retard the mass of tho ship and the water surround¬ 
ing her. 

Tf the speed is uniform, the seednd term on the right-hand side is /.cro. • 
Any variation of s[)eed would he at once shown on tho automatic record, and 
from that record the acceloi-ation* or retardation can bo cahadated. If the 
vel(Huty of the ship increase, so also, on account of the sti'eam-line action, does 
the velocity of ever 3 ' part of the system, and tho force thus necessary must be 
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derived from the ship. 'I'lm virtual mass of the ship is, in other words, 
greater than its actual mass. 

The virtual mass was ex)itTimeiuallj (letermiiied liy slipiiiiig tlie tow-rope 
when the ship was going at a high rate of speed, and ohserving from the auto¬ 
matic record the rate at which the speed of the ship was destroyed by her 
resi,stance. I’roin this record a curve of travel-time was obtained, and, by 
grapliie differentiation, a curve of speed-time wa,s deduced. A fuiTher 
graphic differentiation gave a curve of retardation-time. 

A' any speed let the water resistance be It (jireviously oliserved), and let 

be the observed retardation at that speed, bet i/i, be the mass of the 
.shi)) and in,, the mass of the accompanying water, so that the virtual mass 
is 'w.,„ -t- a/ 5 . 

Then =11. 

Thus III,, is deduced. 

Acceleration experiments were also carried out, but were not very suc¬ 
cessful, owing to the alternate slackening and tightening of the rojie. 

I’or value of —' Mr Fronde gave 0’2 for deep draughts anil (bit! for 

ni„ 

lighter draughts. 

Ji'cmi/ts Ilf Ti-iiih. The ship was tested under di'ii'erevt draughts, and 
under different trims for each draught. The particulars were 


.... . . ; 

13' 9" 

18' 0" 

12' 1" 

Siu'lkcf* ill stiuiii'c ItM't . . . i 

7r.40 

72G0 

t)940 

Disjilaccuu’iil in toii.s 

1160 

mo 

938 

Len^Ftli .... . . 


17 ^' 6" 

1 

1 

Beam.^ - 


33' 2" 

1 

Trim .... . i 

Varied rnnn ]' G’ 

' by the liead tn 4' 0" hy i 


tlir stem 1 


The speeds varied from .‘i to 12i knots. 'I'he normal displacement was 
1160 tons, and the normal draught 13' 6 " forward and 1+' 0" aft. The ship 
wa.s tried in this condition with and without bilge keels. The change of 
trim for each displacement did not alter .the w ettedVsurface. 

A'/fciV of Sjiml on A’c.s’/.stuace. —Up to tl knob 11 vaiios as V'-*. Above 
6 knots it increases at a greatei' rate. The tow-rop, strain at different 
speeds was — 


Speed HI feet ]»ci' minute 

. 1 400 

! 500 ' 

720 ! 880 

! 

1,040 

1,200 

1,2.10 

To\v-ro}»e .Klniiii in jhumuIs . 

• 1 bfOl 

I' ■ ■ ! 

1 l,il40 ; 

‘ i 

.3,420 5,000 1 

ro.loo , 

17,400 

23,300 


JiJ'er/ of Altiralion hi Trim .—This did not .affect the re.sisiance to any 
groat extent. From N to 10 knots there*was no a]ipreeial)le difference under 
extreme trims, (lenerally, as the ship is down hy the head, the re.sistanee is 
increased at the higher and diminished at the lower sjieeds. 'With hilge 
keels, the advantage of the ship at high speeds when trimmed greatly by the 
stern was not maintained. 
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Effect of Draieght .—The resistenoe w is less at light than at normal 
draught. Increased displacement did not cause tlie total resistance to 


ScetLe- tn. Poitn4ls 



Fig.’ 137. 


increase at anything like the samo'rate for the same speed. This indicates 
the economy of deep-draught vessels. 

JiHi/e Acefs. -The extra resistance, when these were fitted, was less than 
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tliat caused liy the skin friction alone. This would indicate that the surface 
changed slightly for tin- better, I’ossibly some of the bilge k(!cl was in the 
frictional wake, where its resistance would be less than that of the average 
surface of th(^ ship. 

Text of Latt' of Comparison .— The cni'vcs for the “ (ircyhound ” are shown in 
fig. 1.17. The curve A A roprescuts the total resistance of the model, curve 
H I! represents the wavemaking resistance of the model. On a difi'erent 
scale, 1! IV will represent the wavemaking resistance of ship, and C(1 the 
total resistance of the ship. The curve 1)1) represents the actual curve of 
rosistam^e obtained from the towing experiments. The coollicient of friction 
of the “(ireyhoimd ” was assumed to be that of a varnished surface, wliieli was 
loss than it .act n.ally was. The test of the law is whether the ratio of the 
vertical distances between the curves I) and 1!, and (land B, is a constant 
ratio, /.('. wdiether curves (1 and I) can be made to coincide by a change in /’. 

'I’hc following table gives the ratio at difi'erent speeds :— ' 


Speed ill feet per iiiimiti* . 

' 

700 

800 

000 

1 

1000 

1100 

1200 

Ratio. .... 

1 *30 

T30 

1-36 

’ 1 30 

1 33 

1-30 


Thus the ratio is practically constant, and so the “law of corresponding 
speeds” is verified. In other words, by choosing a value of /’wdiieli would 
give 1) I) as the estimated total resistance instead of (!(', we get a eomplcti’ 
verification of the law of comparison and the modern theory of resistance. 
'I'he value of/■ nceessarv to an-ive at this result is a reasonable one, a little 
higher than that due to a varnished surface. 



CHAPTER XII. 


RESISTANCE RESULTS AND METHOD OF 
STANDARDISING. 


[t is desirable to eliminate the element of absolute size from the comparison 
af resistances various forms; in other words, to standardise resistance 
results in a sirai’\r way to that which has been attempted in strength and 
stability. The metluxi of standardising; form has been explained in Vol. 1., 
Oha])ter XI., and in this voluu. ■ in Chapter Til. All forms arc reduced 
to the same length and .set off as b," long, so that if L be the length of a 
ship in fee. the scale upon viii. h watcrlincs and body-])lans are set off is 

1 iu- = fl-i ui' ~ ins. = 1 ft. Cor a x-essel 3d() feet long the scale would 

be J-th of an inch i,» ..l.o foot. 

Mr Fronde has devised a method which is based U|«)n the three variables 
—displaeoiucnt, ''esistance, and speed. The underlying assumption in this 
case is that the results should be plotted to variables which give the 
most serviceable uwtiVuWe criterion of performance, and that these are gixen 
if we know the degree of resistance at a given speed for a given displacement. 

The standardised values of speed are called K, and the .standardised 
value of resistance ('. To standardise speed ^t is related to A', and 
resistance i,s related directly to the di.splacement A. 

For srmilar/onm of ditlbrent displaccmenU. (ncgleeting “the skin-frietion 
iiorre-itioii ” duo to the true friction not following the law of coinjiarison), 
we have— 


(1) At eorresponding speeds, K and (! are constant. IT'om this follows— 
{2/ For dusimilar forms\>f the mme (jiven lU-^plan inent diiil .yired, K should 
bo constant and C proportional to the resistance. 

* V 

tlorresponding speed.s arc expres^d by the relation Jx = - -, =• constant 


^A being the displacement and V the speed). 

11 

(! can be expressed in the form of and when plotted to a base of Ki 


would give a measure of the degree or intensity of resistance, which xvould be 
independent of size in so far its displacement measures size. But this gives 
inconvenient values fof diagram purposes. T« obviate this, the values of C are 

plotted so that C =, xvhicTi is merely an alteration of scale, as K is 
AK^ 


sonstant. 

Y 

Substituting for K its value — we have 

• 


K 

■ A«V2’ 


VOI,. II. 
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This can be made similar to the inverse of the well-known Admiralty co¬ 
efficient if we further modify it by ninltii^lying mimcralor and denominator 
by V, so that 

itv 

e.'tpressiiifi; E.Il.l’. not in the usual units, but in the same units in which 
K and -V arc expressed: 

The unit for dimensions of hull is the value and the unit of K is 

chosen from the speed of the wave, having a length ^ which expressed in 

feet, seconds, and cubic feet units gives one unit of K — /so that 
K for any speed V oxpre.ssed in ft. per sec. will be in th(!so i nits. 





- (where A is in cubic feet). 


The region of speed which corresponds to a ^alne 1 ol K is 7 knots for 
a 5000 tons ship. When K is unity the value of 1! is about , of 
the displacement in a cruiser or Channel steamer for'n,_ so that the ratio 


C = 


Ji. 

AK^ 


is more conveniently expressed 


as 


C = 


K 

AK2 


X 1000, and these are the values actually used. 


There is no real constancy in 0 for .all dimensions or displacements, even 
in similar forms, as surface friction does not follow the law of comparison. 
The method of taking account of this is to set oil' the, pi'ojior vahic of C for 
a standai'd length of, say, .300 feet, and then to c.alculato the diti'ercnce in 
surface friction due to the altered dimensions, having length r. 'I'his correc¬ 
tion is added to the tl value it .«■ is less than 300 feel, and subti'actod from 
it if .»• is greatci' tluuj 300 feet. This h.as been fully worked out, and the 
results are shown by curves on the Iso-K diagrams, .see llg. 141. Thus we 
at first .■issume that the whole of the resistam.'c confonns to the law of 
conipari,son, and finally make a correction for the skin fricthm. 

It has been shown, p. 108, that wlmn resistance varies as the scpiaro of the 
sp<!cd for a form of standai'd dimensiou.s, it will vary as the wetted surface S 
for other dimensions at the same speed. Further, if tlie re.sistancc varies as S 
and as the square of the spoeci, it will vary as Sv at corresponding speeds, i.e. 
it will vary as n% which is the same as by the law of comiiarison. Hence 
we can introduce a friction resistance coiTcetion by making a deduction of 

,S/'(V2-V'*-'). 


If / varies with alteration of size, this has to be allowed for; but for ships 
above 200 feet long there is not sufficient reliable data to say that it does. 

S expressed in standard units above would be 1-, where S is the wetted 

IM 


surface in square feet and U- is A( in s.juaro feet. This is expressed as a 
“skin constant” or skin coefficient, and is analogous to a midship area or. 
waterplane area coefficient. 
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The length constiint nr coefficient is called M, and is where 1. is length 

between pcrpendicidars. This gives us a measure of tlic length for a given 
displacement. It is evident that the greater the displacement in a given 
length, the smaller M will be. 

As the aavomaking features depend on the ratio of tlie length to tlic 
speed, a further constant or co(!fficient called X, the length-speed constant or 
coefficient, is introduced. The unit selected for L is th.at which is obtained 

from a wave of length^ (I..l!.l’.) in.. ,ead of as in unit K, which is obtained 


from a wave-length - . 

In the same n its as before, one unit of L 


V 

v'l.' 

K 

v'.M 




^ 'L' “ 


ind for speed V, 


aiul K 


A.'V „• 


L is of value in comparing the results of forms which differ only in longi¬ 
tudinal scale, since in such cases it is at the common value of L that wave- 
making conditions correspond.* 

If we plot the residts of a resistance ((1) intensity curve for a given fm’m 
of ship to a base of K, it will be a CK curve to a constant M value. 


C=-‘. x 293S. 
AlV- 


Therefore for a given value of 


It 


V- 

for constant, C 


gives a value of —. 

If we have different forms, each will have a (! K curve, and generally each 
curve will have a different value for M. If wo set off’a series of these curves, 
each for a definite ^alue of iM, we can get cross curv(!s of M and C for constant 
values of K. Hut these curves will not necessarily bo fair or continuous 
unless the variation i in A ‘and L which determine M are made on some 
systematic basis which represents a gradual and systematic variation in these 


* Wlim* V is spocfl in knots, A is disjUacemeiit in tons in salt watei, L is length in fert 
between perjiendiculars, and S is wetlrd skin area in square feet. 


(1) The. speed eonstani 
(*2) The resistance cmista^t 
(ii) Tile length-speed constant 
14) The leiigtl;»constant 


A* 

• ^H.r. 


X '5834. 

X 427 •]. 


xl-05r.2. 

VL 


(5) The linear dimensions constant = 


M-- — X ‘30r»7. 
AS 

Dimensions 


Ai 


X -3057. 


(6) The skin constant 


X '09346. 

As 
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quantities. Such a sy.stoinatio variation, for instance, would be made if 
len;?tli and diaiioht remained uiichan<'ed wliilo A was cliangod by reducing 
all breadth nicasni’cnients in the same proportion. A series made by varying 
ilie, propmiion would give systematic variation of M, which if C were plotted 
to the ba.se of M for constant K value would give a fair curve showing the 
modification of (f in terms of variation of the breadth ])ropoi'tion. 

Other systematic variations might be adopted, such as altering the draught 
proportion without altering breadth ; or by retaining the ratio of breadth to 
draught, but altering both in the same proportion. 

All the,sc variations could be made on one pareui form. Several parent 
forms dilTering from each other may be taken, and the same systematic varia¬ 
tions be m.ide in these. The results will enable us to sec the relative effect 
of the same variation on different forms. 

•Mr Troude published in the Transact ions I.N.A. in lOOf the result of an 
investigation of the change in tf which accompanied systematic variations, 
most of which wei'C of a purely pro[)ortional character. He took a vessel of 
the cruiser form, .‘boO x ~u x i'T draught, from which he formed five other 
distinct type.s, making six in all. The modifications in form wore made 
entirely in the last (i per cent, of the length at the fore end, and the same 
per cent, at the after end. The dimensions and other jiarticulars are given 
in the following table 

Serius a. 






Prismatic} 




Dis- 

Draiif'lit iilacc- 
incut. 


Co- i 


TyiM> 

Lfthgtli licuiii. 

IJIock Co¬ 
efficient. 

i*fficicnt.R. 1 Mid See. 

j (Viellicient. 

; 

Snubbing 
fvnm type f. 


Ffot. Feet. 

Kfct. 


F.I!,|A.K. 


1 

350 :.r 

•J-2 6100 

•486 

•.iss! -5701 -Sir 


2 

310 

,, 6083 

•5o0 

•f.3S ; -001 i 

A.IJ. 10 ft. 

3 

330 . - ,, 

6056 

*514 

•OSS 1 -0.14 I 

A. 11. 20 ft. 


tt-. . „ 

,, 60-18 

■5'21 

■6f.3 -OSli 

I F.ll. 5 ft. 

\ A.U. 20 a. 

r. 

320 „ 

,, 6037 

■528 

' j 

■607 ■ •6,‘!4 1 ,, 

1 

1 F. 1!. 10 ft. 
t A.K. 20 ft. 

(i 

310 ' ,, 

„ 6008 

•541 

. 1 

•598 -631 1 

i 

1 F. B. 20 ft. 

\ A. If. 20 ft. 


Thu changes made from type 1 are indicated in the right-hand column. 
'J to () were produced from 1 by snubbing tha ends of the lines as in tig. 1.18. 

Hence thm-e are six distinct fonns, differing in length, fulness, and pro- 
jiortions of length and breadth. Kach of these forms has a distinct (' K curve, 
which (neglecting skin-friction correction) will give the resistance for all 
speeds and displacements within the Jimits upon which the experiments were 
carried out. To each form there will be a definite .M value ; and as the varia¬ 
tion in M is due to a systematic variation in the amount of snubbing, it is 
possible to plot M in terms of amount snubbed at each end separately. 

.Similar variations wore made on another set of projiortious of the same typa 
of lines. The followdng table gives similar particulars to those for Series A;—■ 
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rPT^e iPiyyi^p^peirF^Tiema. 



'itfi rS4A Itws 
APTyptI APTypeZ APType3to6 


Lines of Farent formes in. Beefy Flan 
■irl rr 

Beferenees \ :: 3 ::" " „ 



Sca& of Feet. 
Fio. 188. 
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Series B. 




‘j 


'■ ■■ ■ 

. — 

lypc. 

I Lciigtli. 

lieuni. : I4r!iu<.'ht,. 

Dis- 

plaee- 

l»]nck ( !o- 
clIicifiiL 

I’nsmutic 

Co- 


^ Feel,. 

K('ol. Fci'fc. 



Klk A.B. 

1 

2 

4 

a no 
UO 
330 

325 

no ]H 

n »> 

1 

6100 

6083 

GOr.6 

6048 

•486 

i'lOO 

•514 

•521 

•538 ‘ -570 
•538: -601 
•538 i *631 
•553 *631 


320 

>. 1 „ : 

6037 

■528 

'567 '634 

6 

310 


6008 

1 

*..41 

•5i»S '634 


•Mi.l Sou. 
IVjellicic'iit. 


SiiiilibiDj; 
from tyjio 1. 


■877 


! 

; A.ii. 10 ft. 
! A.B. -'0 ft. 
■(F.li. .Oft. 
1 A.B. 20 ft. 
I f F.li. 10 ft. 

, I A.Ii. 20 ft. 
' ( F.li. 20 ft. 

■ \ A.ii. 20 ft. 


Km-tlicr Viiriiitions from tliesO two .sorie.s were nijido by iilteriiif' the scab 
of the cro.s.s-se(:tioiial are;i eiirve, the proportions of beam to ilraii<rbt”reuiainino 
uimltcred. The follovviiig tables show the method by wiiieb Ibis variation 
Wits ofVoetecI in type I, and the c^msetpient changes in dimensions:— 


A. 


Type 1. 


-,r)00 tons R.oO X 36'.bO x 1 t'lO 

3,.500 „ 3.50 X ■I3-20 x 16-6S 
4,750 ,, 350 X. 50-3 xlO'fl 
6,100 „ 350 X 57-(A) X 22 00 
H,000 ,, 350 X 65'25 x 25'20 

10,.500 „ 3.50x71-S0x28-S8 


1,250 tons 350 x 2!l-cS,s x K-60 

1.750 „ 350 X 35-35 x lO’l 8 

2.. 500 „ 350 x 42-26 X 12-17 

3.. 500 „ 350x50-00x14-10 

4.750 „ 3,50 X ,58-25 x 16-77 
6,100 „ 3.50 X 66-00 X 111-00 
7,7.50 „ 3,50x71-10x21-12 


Similar models were made for each of the other five types, with one or two 
exceptions in which results appeared not to be necessary or desirable to be 
obtained, the only variation in the other types being in that of length and 
snubbing, the cros.s-sectional dimensioES being the saine as in this -i^ariation 
fqr type 1. 

The lesults of all the c.xperiments are standardised in the manner already 
described, l.e. (.1 values are recorded in terms of .11 for constant, values of K, 
These are called iso-K curves, and are really (1 M curves, each for a fixed value 
of K. The whole of the results of the A and U series, with the proijortiou 
variations ,-is described, were given by .Mr Fronde in t\;,o TransacHons I.N.A 
One set of CM curves fora K‘value of 2-8 was given. The other results 
were given in tabular form. *’ 

The C and M values given by Mr Fronde in tabular form, as well .as the 
one set in diagram form, are, howevers all given hero in i.so-K- diagrams for 
K values of 2-0, 2-4, 2-8, 3-2, 3-6, 4-0, 4-4, and 4-8. See figs. 139-146.-* 

* The skin friction ooiTeotion curves in ligs. *1,39-148 arc rather faint except in fig 141 
As, however, this correction is nrecisely the same for all values of K and M, reference mav 
be always made to fig. 141 for the necessary correction. ^ 



















Ulustrative Iso-'^ diagram (^ = 2 8 
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Scale of value 
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Fig. 143. 
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Fig. Ii4, 
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Fig. 146. 
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The results under series A arc directly applicalile to designs when! the 
ratio of draught to breadth is ■.ISO, and series B to designs whore the nitio of 
draught to breadth is -‘IcSS, and the mid-area form coincides with the one 
given, viz. having a coefficient of •877.5. 

For ratios of dra\iglit to beam between these two and slightly beyond 
their range the nature of the variation of 0 may be taken as tiriibmetieal, 
■i.e. for any variation in the dnuiglit to breadtii ratio between '288 and 



•288 ‘SSO 


Fig. 117. 

the value of ('■ is me oniniaie at the value of the ratio on llie straight line 
joining thi' F values at ^288 an 1 ■.)8u respectively. See tig. 147. 

l\ir kVoiide goes I'lirther, however, and states that the ratio of draught to 
beam in either of the ( wo series ran be moditied, and the mid-area coefficient 
correspondingly, wition certain limits, without altering the resistance 
provided the mid area and the longitudinal distribution of displacement are 
maintained (see lig. 148). This enables one to use the given data directly 



Fig. 148. 


for a design with a slightly diM'erent form of section such ns is given by a 
difl'crent rise of floor Jo that for wliieh the data were made. 

Generally stated, Mr Frojide’s conclusions are ihaf the resUtaiice of o forni 
is ileteriiiiiied so/eti/ hi/ the cm-ve, of the m'oss-section areas, totje.fher vnth the 
e-jrtremc heam, and the surface waterline of the forebody, provided that the lines are 
fair, and that no features are introduceft which may cause serious eudyniaking, 
From the above statements it will be seen that, as a guide to the estimation 
of resistance, the prismatic is bette» than the block coefficient. 

It should be noted th.at in applying these data to a cruiser form with 
extended bow and stern the waterline length is not the length over which 
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the block and prismatic coefficients and the M value.s have boon calculated, 
whereas in a merchant-steamer design that would generally be the case; the 
displacements of the immersed counter and ram have been taken into account, 
however, in obtaining these coefficients and M values. 

It will best serve the purpose of c.'cpiaining those curves if we take an 
illustration of their a])plication to a particular case. Suppose that it is 
vc(piircd to lind tlie E.lI.r. for a vessel D.'iO'x 42'x 12 096' draught, of a 
displaceifieut of 2.‘i9.") tons and speed of 25 knots. The ratio of draught to 
beam is '288, .and the block coefficient is '5 ; hence the vessel is of type 2 
series B as regards the ratio and the coefficient mentioned. The .M value is 

-^jdlOoT, which is eijual to T'b.l ; and the K value, corresponding to 25 

v' 

knots, is —,.o8.94, which is equal to 4'0.- At the M value of 7'53, the 

A’’ tn 

<; v.alue for curve 2, series B, should now be read oft' on the sheet marked 
iso-K 4'0 (tig. 144): the value for 0 so obtained is I'o.oO for a vessel of length 
.'100 feet. As the vessel under consideration has a length of .‘i.'iO feet, a 
skin-friction correction in this (!'value has to be made. This can be read 
off from tig. 1 II, and thi' correction will be found to be 'OOS. As the length 
of .I.'IO feet is an increase ovci' the standard 300 feet, the “r.ato of power’’ 
will be diminished from 1'550, bj' ’00.5, to 1 •■545. from the formula 

E.ll.B. — ’ - i i A - i '- we get, by substituting A = 2395, V = 2.5, and (1-1'54.5, 
42('l 

the value for K.H.P. is 8300. 

If the lines for tv])c 2 be proportioned to the above dimensio?is of length, 
breadth, .and draught, the vessel obtained will rcipiirc 8300 K.ll.B. to steam 
25 knots. This vessel would have an immersed itu’cc aft of the 330 feet 
from the for(; jierpendieular, as in the cruiser type for which these data were 
comiiiled. If the new design had been a mereliant. ship with the load line 
terminating at the after [jerpendieular, in order to u.se those tank restdts a 
correction for the inuueraed counter wxadd have to bo made ; taking the 
counter as 4'G ])er cent, of the length between perpendiculars, the design, 
instead of being considered as having ,an B value of length between perpen¬ 
diculars of 330 feet, could h:ive been considered as having 1. = 310 feet, and 
an immersed part thereafte.r for 14 feet. The‘block coefficient over this 
shortened length would have been ‘522 instead of '50 ov<;r the 330 feet, 

and the M vahie x -3057^ = 7'2 festead of 7'53. To obtain the KH.P. 

for this vessel necessitates interpolating between the types 4 and 5; the 
Cl values for this type at A1 7-21 is 1-655 for the standard length of 300 
feet; correcting for the length of 316 feet, this becomes 1'652, and the E.H.P. 
is 8800. 'Thus, by shortening the waterline by the length of the immersed 
counter, and carrying the same displaeonieut, on tl<o same breadth and 
draught, for a speed of 25 knots, the E.H.P. is increased from 8300 to 8800. 

llevorting to the cruiser type, let us, .as a further illustnition, liod the 
E.H.P. required to propel the same displacement on the same length and co¬ 
efficient, but with a different ratio of draught to beam, say of •386, the dimen¬ 
sions will then be 330 x ,36'29 x 14 feet draught, and the disiplacement and 
block coefficient will be as before for the cruiser typo, and correspond to 
type 2 series A. 

It is not possible to obtain the power for this vessel at 25 knots, as the 
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range of the curves is not sufficient in this type to reach tliis speed. At 
20'2 knots, corresponding to a K value of 3'2, a comparison of the jmwers 
can be miuic, as series B and A are both extended to this speed. 

For the former vessel, typo 2, ratio of draught to beam '288, dimonsions 
330' X 42' X 12'096' and 2395 tons displacement, the C value at 20‘2 knots is 
•818 and the E.H.P. 2830; for the latter vessel, same type, ratio of draught 
to beam '386, dimensions 330 x 36'29 x 14 feet and 2395 tons displacement, 
the C value is ’780 and the E.H.P. 2700. • 

For the same vessel with any ratio of draught to beam between '288 and 
•386, and sl'ghtly beyond these limit:, the variation in C value (and conse¬ 
quent E.H.P.) is inversely proportionate to the variation of this ratio for 
this speed. Thu.s for a vessel 330x40x 12^7' draught, and 2395 tons dis¬ 
placement at 20'2 knots, the C value is obtained as follows : too ratio of 

draught to bea yis ■318 and the C value is | '818 - j | =^806; 

the E.H.P. corresponding is :i790. 

In a similar manner the E.K.P. for any vessel within the range of these 
data can bo determined. 

Applying Froude’s Table of C. —From the foregoing it may be seen 
that the resist.anee of a form of given displacement and speed may be found 
if the choice of dimeii'Jious is p’ito free. The form must necessarily be one 
of the types I to 0 of the series A or B, varied only by varying the scale of 
the cross-sectional areas of the parent curves. This fixes the type of cross 
section to that of either A or B, and consequently fixes the ratio of beam to 
draught to that one of these two forms, t'.e. to 57 : 22 = 2'59 or 66 ; 19 = 3'47. 
Neither scoliou may suit the circumstanees of the ca.se, and it may be 
necessary to make two variations on the type of section, and to adopt— 


(1) some other proportion of beam to draught than 2^59 or 3^47 ; 

(2) some other form of section. 

(1) If for a given disjilacoment and length, and therefore M value, it is 
decided that a particular type number of A or B will give the best results as to 
C value, but that a dift'erent ratio of beam to draught is neces.sary, it is easy to 
produce a form fulfilling this further condition. The breadth and draught 
corresponding to the given 'value of displacement and L can bo determined 
from fig. 149, the type number and Hie letter A or B fixing them exactly. 
If the ratio of beam to draught that is required or the actual beam or the 
actual draught be tiAed wo shall get a Corresponding draught or beam respec- 
t'vely from the condition that the product of the altered beam and draught 
must be the same as the product of the beam and draught determined from 
fig. 149. 

Thus suppose L, I! and 1) to be length, beam, and draught respectively as 
determined from the given displacement from the chosen typo, say 6 A, and 
suppose, for instance, t»iac it i i necessary to have a beam Bj, the draught D, 
of the altered form will have to be 


If now all the waterline spacings be altered on the type 6 'A in the ratio of 

0 B 

and the half-breadth ordinates' in the ratio of we shall have the 

ordinates for a form fulfilling the required conditions. 

VOL. II. 


13 
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To determine the C value for such a form it is necessary to know the 

variation of (1 in terms of variation of between 2 59 and 3‘47. 

drauglit 

This has been determined, and it is found that between these limits and a 

15 

little beyond, the variation varies directly as the ratio jy 

J) 

.Suppose, for instance, for value of 2'.'j9 and .‘5-47 tlm C values arc^known, 

then for an_, intermediate value of the value of C can be measured 

directly from a diagram such as fig. 147. 

(2) It is evident, however, that while this method of variation of form 
[idds greatly to the range of form which can be adojjtod with known rosidts, 
it does not ineludT all forms of the given displacement and length. It only 
includes forms oi one |)areut type of section, the modifications all being made 
by altering the length, breadth, and draught ratios proportionately throughout. 
Section.s A and 15, fig. 1.50, rep'-r nt the midship sections of the parent 



typos having ratios 0 l 


2'ol) and ■■b47 respectively. 


,Supj)ose it is desireil to 


have for a given dispiaeement and length a midshij) section of form C such 
as is now common in nearly all ships. 'To determine from the parent forms 
types 1 to 6 a form having such a midship section, it is necessary to dotormine 
the elh'ct upon the resistanetj of a change of cross section from A or 11 other 
than de.alt with. ^ 

It has been found by e.vporimont that the resistance of form of about the 
character of types I to P h iving other tj^pes of cross sections depends on— 


(1) the curve of cross-sectional areas; 

(2) the beam of the ship ; 

(.‘5) the form of the waterline forward ; and that if these three are 
unaltered, considerable shipshape valuations in cross sections can 
be made without affecting resistance. 

• • 

Suppose it is desired to ivdopt a section of form C having an area co¬ 
efficient of say -95. It is necessary to show how to get the complete form 
so that the curves of cross-sectional arei^iS shall be unaltered. For a form X, 
see fig. 151, having the same characteristics and sectional a^ea as A or B we 
can determine the actual resistiince as already explained. One condition 

must be that Oa : Or ; Ot :: 

Oc Oy On 

Also the area coefficient must be the same in all oases, vix. -877. 
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Suppose that we want to find the resistance of a form liaving tlio same 
prismatic (ioefhcient as A or B, viz. '598 in tl>e fore-body and "634 in tlie 
after-body, ))ut witli a midship area coefficient of '95. It is to be remembered 
tliat it tlio beam, the waterline form, and the curve of cross-sectional ai'eas 
are all the same the re.sistance will be the same ; and wo may assume that if 
we retain the curve of cross-sectional areas and reduce the waterline areas the 
necessary amount to get the same displacement, wo shall not increase the 
resistance. Fii'st find the value of Ob and Orf, the half beam and draught that 
will give the reejuired displacement. Suppose B and d to be the values of 
beam and dr.aught of the form 0 which will be satisfactory and will give the 



same displacement and therefore midship section area as in the form B. Tin 
resistance of the form (J may bo taken as not more than that of form B. 

To o))tain the actual form which the sections other than the midship oin 
will have, it is necessary to divide up 0 vertically by the same nund)cr o 
e(pially spaced watcrlinos as B. All ordinates of each corresponding water 
line of B must bo altered in the proportion of the ordinate of the midshi] 
section of tln^ same waterline. For instance, all the ordinates of No. 3 water 

line of the 11 form, if multiplied by the ratio will give the correspnndini 

waterlines of C. In this way a form can be prcriuced whose midship soctio! 
will have a coefficient of '95 and vhoso resist.ancc will 're not more tha: 
that of B. 

Wc may also apply this method to find the i-esirtanec of forms haviiij 
ends similar to C, but having a parallel middle body. 







CHAPTER XIII. 

SADLER’S RESISTANCE RESULTS. 

Professor Sadler of ^[icliigan University carried out a series of experiments 
upon forms wlii ;tj were varied systematically from a parent form much fuller 
than that upon winch l)r Fronde’s experiments, descrihed in the last chapter, 
were based. ’I’hc experiments u])Ou the ePect of varying lengths of midship 
body, or straight of breadth as it is technically called, which were ptihlishcd 
by the elder troude in 1877, were m.ide witn ends the same in all cases. 

The experiments published by Professor Sadler were made to determine 
the ciroct U[)OU resistance of variation in the longitudinal distribution of 
buoyancy. Starting with a form of about the Atl.antic intermediate ty])e of 
steamer of about bOO feet long and 1(1 knots speed, he modified the distri¬ 
bution of buoyancy longitudinally by— 

(a) putting as much as was practicable in the parallel middle, and 
by putting as little as practicable. 

The forms as represented by curves of cross-sectional area arc as in fig. 152 (over). 


Jiociy Plan Forms 1 & JU 



The body-])lnn forms of I. and III. are shown above in fig. 16.3. 
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Sadler’s kesistahoe results. 
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Eacli of these forms was tried at three different draughts, corresponding to 
ballast, intermediate, and load trim. 

(liven in ratios they are as follows :— 


1 

^ i 

B 

u’ 

L 

B' 1 

1 

i 


Coeflicionts. 


Block. 

Prism, 

Midship. 

8 : 

3-0 

24 ; 

•697 

•734 

•949 

1 

8 

2'f. 

20 

•7U 

•747 

•966 

8 

2T43 

17-143 

•733 

•760 , 

•964 


In addition to tlio results from these forms, the stern of No. 3 was run with the 
bow of No. 1, and vice verm. Hence Sve models in all were tried, each .at three 
draughts, giving fifteen resistance curves in all. The wotted surface being 
practically the same in all forms at the same draught, the results .arc plotted 
in terras of wave-making resistance only, one set of curves for each draught. 

V 

The abscissa; of the curves are —(V in knots and L in feet), ranging in 

V 

value from -i to '9, which values corresjiond to about knots to 20 knots in 
a fiOO-feet ship. 

The ordinates are resistances in lbs. per ton of displacement in salt water. 
Hence the results maybe said to be standardised, though not in the .same way 
as Dr Froude has standardised by the method already described. 

The general character of a curve of resistance is the same at all draughts 

for a given model. The value of (12'22 knots in a 500-fcet ship) 

V L 


gives approximately the same results for all forms at the two deeper draughts, 
and a minimum of difference even in the lightest draught. 

From this Value of —^ to the practical limit ef speed at which such ships 

would bo run, viz. at '7, there is a very rapid variation in resistance, the fine 
bow with the full stern giving the best,results except in tlie lightest draughts 
for values between ’55 and '65. For lower speeds than '55 the worst form is 


CoMrARATIVE Wave-makinc. Resisiancb. 


V 

vb' 

Light Draft. 

Medium Draft. 

Deep Draft. 

•6 

1-0 : 1-448 

■ 

ro ; 1-24 
( 

1-0:1 -457 

•65, . 

1-0 ; 1-715 

1-0 ; 1-57 

1-0 : 1-545 

*7 

1-0 ; 2-150 

1-0 ; 1-945 

1-0 : 1-75 

I 

1 . 

' 

1 

l_. __ 

10 : 2130 

1-0 ; 1-926 

1-0:1 -68 
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badlek’s uesistance results. 


20'3 


generally that with the finest bow and stern, the best being that with the I'ull 
bow and stern except at the lightest dranglit, wdiere the usual ship form is 
slightly better. Altogether it seems that tlio least resistance at practical 
speeds for the given fineness of form is given by a vessel with full stern 
and fine bow. The results in tabular foini arc given in the preceding and 
following tables:— 


Comparative Totai. Re.sist vnce. 


V 

VL* 

i Light Draft. 

Medium Draft. 

Deep Draft. | 

; 1 

■c*- 

! 1-0: 1-075 

1-0 ; I-OpS 

* 1 

1 -0 ■ 1 ‘0.55 

05 

; 1*0:1'1G 

j 1-0:1T4 

DO: 1-13 ; 

7 

1-0 : 1-26 

1-0 : l-22a 

TO : 1 -20 ' 

■7:) 

: 1-0;D3J5 


TO : 1 -20 


The.sc figures indicate the ratio between the resistance of a vessel with 
tine bow and full .stern to one with full bow and stern. 

Further experi.iienls were undertaken on the same lines as the fireceding 
with models of finer and fuller block coetiioients than the '733 of the fore¬ 
going. They were then all eomjiared. The particulars of the models are 
given below. 


.Series No. 

L 

fi' 

r» 

f/' 

L 
</ ■ 

Hlock. 

Coefficients. 

Prism. Midshi]!. 


8 

2142,* 

17-142 

' 

•6533 

•6778 

•9638 

F7 

8 

2T42 

I7*l‘f2 

■733 

•760 

•964 

F8 

8 

2-’12 

00 

•869 

•984 

t. 


The curves.of sectional area.3 of F8 and F6 are shown in fig. 157 and the 
body-plan in figs. ICO, 161. In each case the dimensions, displacement, and 
coefficients have been kept constant for each series, and the displacement 
distributed longitudinally by altering the curve of sectional areas. Ihe 
general shape of the section was kept constant, and parallel middle body 
was actually parallel, not virtually so. The results of trials are given for 
maximum draught only. The fine l|ow and stern arc marked 1 H, IS, and 
the fuller bow and stern with no middle body, or in the case of the fullest 
type a reduced middle body, 2 B, 2 S, and combinations oT the two, such as 
fine bow with the full stern, 1 B, 2 >S. 

With the fullest form, F 8, there is not much scope for variation in form 
of the ends on account of their shortness, and here the form with the fine 
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ends and long middle body is decidedly the worst, while that with the shorter 
middle body and fuller ends is the best: this is shown in the accompanying 
diagram of i isiduary resistance per ton of displacement, fig. 168, and in 
the table of comparisons as follows:— 



1B, 1 S. 

1B, 2 S. 

2 B, 1S. 

2B, 2S. i 

..._ . 1 

Vl 



•5 

100 

80-0 

84 5 

1 

56-0 1 

I -55 

100 

77'7 

79-0 

f.0'6 j 


100 

74-0 

72 0 

03-0 * 1 


Tlio results for this full form ('SSr) block coefficient) are the reverse of those 
obtained for the finer forms, and the explanation is probably that in fining 
the shor* ends a rather abi.rn, .shouldnr is formed. In the finer form, 
F6 (1) (-firfiia block coefficient), the curves of residuary resistance are shown 
in fig. 159, and the oomparati\ c icsiduary resistances are as follows :— 


V 

Vx.' 

2 B, 1 S. 

•2 B, 2 S. 

1 B, 1 S. 

IB, 2S. 

•76 

100 

80-5 

62 6 

64-5 

■80 

100 

87 6 

61-7 

03-5 

■85 

100 

91 2 

71-7 

69-5 


In this case, as in the intermediate case, F7 (with block coefficient '733), 
the combination of the fine bow with the full stern gives the best result 

, V 

within the limits of practicfcl speed-length ratios. At higher values of tl)C 

somewhat easier form represented bj 2 B, 2 S showed it to be slightly better 
f.han the one witn the finer bow: a* these speeds the fuller after body also 
seems better than the finer form. ^ 

A further set of experiments was conducted with the F6 (1) model and 
two otheivi related to it in the following manner; The beam was increased 
by the same amount in the two new models, which were numbered F G (2) 
and F G (3); F 6 (2) had exactly the same curve of sectional areas as F 6 (1), 
the beam being changed and increased rise of floor being given ; F G (3) 
had the same beam as FiG (2), but the area of the midship section was 
increased to compensate for the reduction of displacement due to cutting 
away the form between sections 3 *nd 5 (fig. 167). The midship sections 
are shown in fig. 162. Nos. F6 (1) and F6 (2) have therefore the same 
prismatic but different block coefficients, while F6 (2)'and F6 (3) have 
the same block but different prismatic coefficients. The lines at the extreme 
ends are in all cases the same. The particulars of these three models are 
as under.— 






-I -»T I I I I I 


III 
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Nil. 

L 

1!' 

P, 

li 

if 

Pilcclc. 

I 

j Pristii. 

i 

Miilshi]). j 

Klill) 

s 

1 

•2-142 

17-142 

-6583 

1 

1 -0778 

-9638 ! 

F«(2) 

7-272 

2 :tr..s 

1 *17-142 

-694 

*6778 

-874 

F«(3) 

7-272 

2-36S 

17-142 

-594 

•664 

-895 

* 


The (:ui-7ok of ioB;<ju.iry resistance are shown in 65 ;. 163, and the com¬ 
parative residuary resistances are as in the following table:— 


V • 

vi' 

F^(l). 

F<!*(2). 

1 

F6 (3). 

-8 

100 

» 

96 

96 

-85 

100 1 

95-4 

92-3* i 

•9 

100 

i 

92-3 

1 81*2 i 

1 ! 


von. II. 


14 
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Up to ’S apeod-lcngth ratio there is very little to choose between the 



three naxlols, but above that the improvement is w'ell defined, F 0 (3) 
showing it to be better than either of the other two. 


•891 •OKI 






CHAPTER XIV. 


OTHER RESISTANCE RESULTS. 

'I’liK two prec'jdiiio cliaptors gixe ac^tiial ivHihtam'c rpsults wliich .-iro applicalile 
to lino sln|)s of tlio oniispr or (Hiiinno! xtoiuiier ly[it' and to Iho foil oonnnorcial 
stoanior typo rospcoti .t ly. 'J'liin aro oaoli l)ast‘(l npon very fjond (jariait forms, 
and, witlmi Uio limits of fidnoss t- ■ liicli tl.oy :ire applicable, tln‘y enable tlie 
actual resistances of forms s'id.ible for jiractioaJ designin'; to lie obtained. 
Tbe motbods of sbindardisiiifj; arc the same in piineiplc, \i/.. tbo intensity of 
resistance mcasiinsl as a I’atis I i displaccmont is plotted to a base of speed 
measured as .1 ralm 10 the .sipiare root of tbe length. In this chapter a third 
method of plotting results is given, in wliieli, for displacements of a given 
form varied by pro|iortional increase of all dimensions, tbe corresponding 
J'l.Il.l’. is plotted for constant spi'ed. 

Diagrams Ki-t to ISO have been prepared from the resistances of twelve 
models of actual sliijis as obtained in an e.xperimental tank. These shijis 
are all of good form and proportions, and the diagrams are deduced from 
results obtained at one draught of each of the ]iarent types. The diagrams 
ai'o ordinates of K 11.1'. plotted in terms of displacement at a constant sliced, 
and diagrams are given at speeds from Ih to L’fi knots at intervals of 1 knot, 
and from dO to .'ili knots at intervals of l' knots. second series of lairves is 
drawn on each diagram, giving the length of ship I'orrcspondiug to each 
displacement in the diH'erei.t types. 

Kaeh sheet therefore ♦ives the E.Il.l’. reipiircd to drive a given dis¬ 
placement at the S|jeed for which the slieet is prepared, and the length of ship 

eorresponding, and the designer can select the number of the ship requiring 
the least horsepower ai that displaifement and speed. The number indi¬ 
cates the jiarent ship ; and if her dimensions of length, br. adth, and draught 
are all multiplied by the same factor as that by which the length has been 
altered from the parent type, the dimensions and displacement of the 

ship required will be given, and the form will be the .same as that of the 

parent ship. 

This is simply a {•rapine method of convpariiig the forms of the twelve 
ships enlarged or diniiiiished*to any desired displacement to sec which of the 
foi'ins will .at a required speed be drive^i for the least power. The power is 
correctly proportioned from the parent ship, and not approxdmated to, as 
is the case where the .\dmiralty coeilieient method is usi'd^ that is to say, * 
the E.ll.l’. is proportioned in the ratio of speed'-’” for friction as against 
speed^ in the Admiralty coefllciont method, and the actual wavemaking 
resistance is calculated. 

Some of the types do not occur in all the seventeen sheets, either because 
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tho range of speeds over which their original was tried will not projjortioti to 
that extent without introducing too high or too low displacements, or hccausc 
the E.H.P.’s obtained were so high in comparison with those given as not to 
be worth recording. 

Tlie ordinates of the E.if.I’, curves, as obtained from the experimental 
tank results, were subdivided into E. Fl.P. ordinates corresponding to frictional 
and waveuiaking resistances. 'I'lm frictional resistances were calculated 
directly, and from these the frictional E.H.l’. obtained, and the tSfl'erenee 
between tho total E.H.I’, and the frictional E.H.P. gave wavemaking E.H.l’. 
The frictio .al resistance in lbs. of a ly ship is ecpial to/AV"’, where/'is the 
frictional coefficient or average resistance in lbs. per S(juare foot at unit velocity 
over her whole length, A is tho wetted surface in s<piare feet, and Y is the 
speed in knots • in these units /' for a painted steel surface of 300 leet’ length 
in sea water j00893 lb., and greater for shorter lengths: this is deduced 
from the cl.-r , ical experime:its of Fronde and Tideman ; it is taken as coiistant, 
however, over the range of lengths in these results. 

The frictional E.ll.l’. = lb\. in proper units, II being the resistance 

due lo frii ion at speed Y; ii.ctional E.H.F. = KV = xlOl.l.i^ 

^ 33000 


•00893 X A X V-"-x HH 
.‘fiOOO 


AY'""= 

.'ffiolO' 


Thus from the total E.H.l’. the frictional 


E.H.l’. can lie deducted, and curves of E.H.l’. residuary and E.H.l’. frictional 
can be plotted on the base of speeds. 

If the ship’s unnensions be altered to hL, mH, and ml, tho wetted surface 
will become a-A and the disjilacemcnt ; if the speed be altered to a'V the 

E.H.1’. frictional will become AW 

30510 36ol0 


, i.t. tin.* frirlioiial 


will be altered bj' multiplying the original K.H.I\ frictional by In this 


PAllTl(5ULAns OF VKK.^KLS. 


No, of 
Curve. 

Dimensions of Vessel, 
Length x Extveifie 
Heani x Draught. 

DiKplaecinent 

Tons, 

Prismatic 

Coefficient. 

Mid^Sec. 

<,!oefficient. 

Uloelc 

Coefficient. 

I. 

430x61 

XMS 

lotso 

•624 

•952 

•694 

u. 

430 X ul 

x2!*9 

7650 

•599 

•93 

•567 

Ha. 

440 X 60 

X 24 *5 

9800 

•554 

J71 

•482 • I 

I Ik. 

440 

x22'7 

8800 

•545 

■861 

•468 

Uc. 

' 440x63 

X 

10800 

•f.61 

■879 

•197 

HI. 

529 X 

X 21 '25 

11.5.'•.0 

•611 

•935 

•571 

IV. 

480 x 57 

x21*4 

12260 

•759 

•96 

■730 

V. 

272x34 

X 9*5' 

1360 

•551 

•934 

•515 

VIA. 

208x19^ 

X 5-7 • 

270 • 



•408 

VI Id. 

390 X 76 

x27-5 

14840 

•685 

■942 

•645 

VIHa. 

400 X 75 

x267 

16000 

•702 

932 

■664 

IX. 

212 X 21-2 

X 9*8 

400 

-.537 

•592 

•318 

XI. 

600 X Of) 

x27-0 

19G00 

•675 

•963 

•650 

XII. 

600 X 71 

x26 

14000 

•576 

w924 

•532 

XIU. 

600 X 71 

x24 

12600 

•564 

•918 

•518 

XI In. 

600 X 71 

X 28 

15400 

-.585 

•929 

•643 

MM. 

200 X 19*5 X 4*9 

240 

•627 

•712 

•441 
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way, and by taking series of value.s of n, new E.H.l', frictional curves can be 
obtoined foi- series of speeds, lengths, and displacements. 

.Similarly, the E.H.l’. wavemaking can be altered to suit these altered 
dimensions. Fronde’s law of eompaiisou holds in this ease, and it states that 
if the liiK'.-ir dimensions bo altered to «L, «1!, and nil (when the A will become 
■h-’A), at sj)eeds of n’-X the wave.niaking resistance will be iF times the 
original wavemaking resistance. E.H.l’. wavemaking = IIV’ whore 1! is the 
wavemaft'ing resistance at speed For linear dimensions altered in the 

ratio of n, and V altered in the ratio of n\ E.H.l’. will be altei'od to lla® x \it', 
wdiieh is the original E.H.l’. wavemaking altered in the ratio of 

The gener.-d formnhe for all values of n thus become 


E.11.1’.,C«V«' = 


yriibio 


E.H.1\„@V«' 


(E.H.l’., 

{E.H.l’.,„(a!V)/Fl 


The ])artieid;irs of tin' parent ships from which lhe.se diagrnms have been 
prepaj'ed are given on p. 2t'9. 



CHAPTER XV. 


DETERMINATION OF MACHINERY HORSE-POWER 
FROM RESISTANCE HORSE-POWER. 


WiiKN ilii) resistance! It ncoossary to maintain llu: given sjeoed V is known, the 
[>o\vcr nele-fl in t)\'''i‘‘’ooiing tl.'s resistance will be — UV. W hen, as in the 

ease of saihng shi^is or ni vessels 1i'‘i ig towe'd, the force necessary to balance 
the rcsisuu ce is obtained "ro’-i antsiiie tlie vessel, the total power ex])cnde(l 
n])(jn th(‘ vissel will i)e lt\ , but when the force is developed Irom inside the 
vessel, such as in the ease of s‘'■mnevs propelled by paddles, screw-propellers, or 
hydraulic iiroimlse t'le tot.d power expended on the vessel is much more than 
RV, lull in ;ill cases the ns(!r\d power is KV. In the case of vessels internally 
propelled, the source of energy is a machine which is capable of delivering so 
nianv units of work per unit of time. The rate of enei’gy developed or the 
energv developed per unit of time is spoken of as power-, and the unit most 
eomnioidy jtpplitid in steamship w-<>rk is a horse-power w hich is d..l,000 foot-lbs. 

per minute. Hence, if 1! be in lbs. and V in feet per minute, ~ 


horse-power rt'tpiii-ed to ox-ercomc R at sjrced V. This is usually called 
cti’ci-tive horse-pt.wer, or IC.ll.R. The actual work done or energy developed 
in the cylinder of the steam engine is sitoken of as indicated horse-pow-er 
because it is moiisured by indicittors which continuously record the pressure 
of the steam from point to [loint throughout the stroke of the engine. Ihe 
indiciited horse-power is tlfc work done by the steam, and is-thc asset which 
the designer has *o work upon in obbuning his speed. The nsefid ellect 

I'l 11 r 

produced is meas'ired by the I'l.H.I’., ijS that the ratio ' ' ' 


l.H.P. 


is the measure 


of the etheiem-y of the method of propelling, and is usually called the ])ro- 
pulsive eoetlicient. The difference between the K.11.1 . and the l.H*l’. 
represents the losses (ff power, avoidable and unavoid.able, between the steam 
eylin(l<!r .-ind tin' result ])roduced in power necessary to maintain the speed of 
ship. They may be summed up as follows :— 

1. Engine frictioiwdue t.i jightness of glands and bearings. This absorbs 
some of the forces in the steam (lylinder before the engine can be moved, and 
therefore before any ]jow-er can be obti^ned. 

2. Engine friction due to load, or the additional friction brought on the 
engine when it begins to overcome the resistance to motion, and develops a. 
reaction from the thrust of propeller back again on ffio engine. These 
reactions or pressures cause increased friction, which increases ns the thrust 
increases. 

3. Work taken off the main shaft for other purposes than turning the 
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propeller, such as air pumps, feed pumps, and bilge pumps, when they are 
connected to the main ongiuo. 

4. In a screw ship there is an edgewise resistance of the blades of the 
propeller—the bhides having an appreciable thickness and form, and having 
surfaces whicli develop frictional resistance with the water — so that the 
turning of the propeller causes resistance to be developed which produces 
no thrust, and therefore no useful work. 

5. Augment of resistance or thrust deduction. The stream-line motions 
which are rouml a model when it is being towed have a head pressure in them 
at the stern wliich partially balances the pressures at the bow. When the 
screw propeller revolves it disturbs the stream-line motion, so that those p)res- 
sures do not act so effectively as when there is no propeller. The propeller 
thereby iflcreases the resistance of the ship. We shall sec later that this may 
be also considered altornati\'oly as a deduction of the thrust pf the propeller. 

C. .Slip of propeller. The method of propelling a vessel by an internally- 
driven propeller necessitates that the propeller should drive water astern in 
order that the resistance of the ship to motion ahead shall be balanced. The 
motion imparted to this water is the slip, and is usually related to the speed 
of advance which the propeller would make if there were no slip. 'The work 
spent on setting the water in motion, thereby developing thrust in the 
propeller, can never bo totally recovered, and therefore is to a greater or less 
extent an unavoidable loss. 

These losses for a good modern screw steamship may be summed up and 
evaluated as follows:— 


1. Kngine friction dead load 
2- ,, light „ 

3. Auxiliaries . . . . 

4. Augment of resistance (this 

varies with the fulness of 
the ship) . . . . 

r>. Edgwise resistance of screw 

6. .Slip . ... . 


•05 I.H.P. 
■05 „ 

•02 „ 


■15 E.H.P. 
•15 to’25 ,, 


•22 I.H.P. -30 to -40 E.H.P. 


These together make the total losses which are the difference between the 
E.H.P. and the I.H.P., so that I.H.P. - B.H.P. = -22 I.H.P. -I- -30 to -40 E.H.P. 
78 I.H.P. = l-3to 1-4E.H.P. . 


E.H.P. 

I.H.P. 


•6 to -557. 


The following is a list of values of the coefficient for different types 


'Twin screws. 

Battleships and cruisei's 

■5 

to •55 

»? 

Channel steamer . ... 

•5 

,, ^55 


Destroyers with twin screws 

•6 

„ -65 

„ 

,, ai^^d Channel steamers 




with turbines .... 

■48 

„ '54 


Atlantic liners, high speed . 

•5 

„ -55 

#• 

Intermediate type 

•55 

.. "5 

.Single screws. 

Atlantic liners .... 

•6 

„ '05 

'Twin screws. 

Full cargo steamers . 

•55 

„ -fi 

Single screws. 

>) • • • 

•6 

„ -05 
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In the cases of paddle vessels the losses are greater than in screws 
generally, and are of a somewhat different character. The first three are 
naturally similar, and the sixth is of a similar character, but generally 
greater in amount. No. 4 does not exist, and No. 5 may be replaced by the 
losses due to shock on the paddle-wheel. 

On account of the arrangement of a paddle engine, and the fact that 
it is much .slower running, the frictional rt.dstance in proportion to l.H.P. is 
probably higher than in a screw vessel, and is about 8 per cent to 10 per cent, 
of the I.H.l’. Tiie live load friction will probably be abo\it tile same per cent. 

The fol.owing may thorofore be taken as an average distribution of the 
losses:— 

1. -OOl.Il.P. 

2. -OG „ 

. 3 . -02 „ 

0. -ir) „ 

G. 

■r >2 i.H I. -r.H.i>.-E.11.?. 

1..H.I’. -=-48 l.H.P. 

Witli the.se values of propulsiv.^ coefficients the ])o\ver of the machinery 
can be found w'hen tl.-., rcsistuii. e and tlie K.H.P. are determined. 




CHAPTER XVI. 

INFLUENCE OF DEPTH OF WATER QN SPEED. 

Fn shallow water and confined channels wo };et an alteration in the wave 
system generated by a shij), and lienee a cliangc in the resistance. 'J’his 
is also acconipanicd by a difi'ereneo in trim. 

This alteration in the resistance was, as stated in Chapter IX., noticed by 
Scott Itnssell «liile e.vpcrimenting on wave forms in canals by towing a boat. 
On one occasion a spirited horse attached to the boat toob fright aiul ran ofi', 
dragging the boal with it, and it was then oliservcd that the vessel was 
carried along through comparatively smooth water with greatly diminished 
re.si.stauce. 

Since then various exjieriments have been made to determine the exact 
inllnence of the depth of water upon the speed of a ship moving through it. 
.Some of the ex[ieriments were made njion models and .some upon actual ships. 
The following arc amongst the mo.st important of these : — 

Captain Rasmussen’s Experiments on Torpedo-Boats.— Captain 
Jlasmussen, of the Imperial Itaiiish Navy, made a scries of trials on torpedo- 
boats in shallow water of varying depths. 

]‘'ig. ISl, p. •J.'i-’), gives the results for the same boat .at two dill'creut 
draughts. The priiicijial dimensions are :— 

•Ijongth, 140 feet; breadth, 11 feetinches ; draught, when fully equipped, 
7 feet 4 inehes 1 and corresponding disjilaceinent, ’l‘_’7 tons. 

Tile particnlai's of the curves are — 

t 

Depth lA water Displacciiiciit 
111 feet. ill toii.^. 

C'li-ve A 51 105 

,, K 37V 105 

,, C 19.i 105 

,, 1) 12 105 

,, E 51 11» 

,, F 37?. 118 

„ a 19'. Il8 

H 12 118 

I 

(lurves (I and e sliovv the oliaiige of trim of tlio boat, in reference to the 
trim in still watei^corresponding to the II.1'. curves i) and ID. 

The mo.st inqxirtant deductions from tliese trials are— 

(1) The H.l’. curve for the greatest depth is free from luimps. 

{'!) A huiiqi occurs on the II.P. curve, in a given depth, when the speed 
is given by c - Vp x depth, where v is in feet per second and deptli is in feet. 
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(3) The loss the depth the more marked is the Immp in the curve, and 
from (2) the lower the speed at which it is formed. 

(4) The speed at whicli the Immp is formed is independent of tlie dis¬ 
placement for tlio same vessel. The H.l’. inereasc.s with the displacement. 

(5) At the s[)ecd v, corre.sponding to the hump, the boat goes along on the 
top of a wave of translation which travels with the speed of the boat; and 



Fub lines, displacement 105 tons. 
Dotted lines, displacement 118 tons. 


hence, at about this speed, the resistance increases .at a much lower rate for 
an increase of speed than before. 

It bas already bcci^ pointc 1 out in (Ihapter IX. p. 121, that if d is the 
depth of the channel, the speed of a wave of translation is given by = Jyd, 
where v is in feet per second and d in feet. This speed will bo found to 
agree with the points con-esponding to the humps on the H.P. curves. 

The system of waves which follows the boat is very unstable at speeds 
near v. If, for e.vample, the rudder is put hard over, the speed may fall 
below V; but, on the contrary, the speed may become much greater at 
the same power if the boat bas been running for some time on the same 
couree. 
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Major Rota’s Experiments. —Major Rota, of the Royal Italian Navy, 
has conducted a series of experiments upon models in the experimental tank 
at Spezia. 

Figs. 182, p. 236, and 183, p. 237, show the results obtained for a model 
of the following dimensions:— 

Length, 12’33 feet ; breadth, 1'36 feet; moan drauglit, 0’.'12 feet; displace¬ 
ment, ]4r)'2 lbs. ; block coefticient, 0'43. 

FiJ. 183 shows curves of resistance at constant speeds for varying depths 
of water. Those are e(|uivalent to curves of E.H.b. on a base of depths at a 
ditt'erenl scale. The (lotted curve shows the depths for the various speeds at 



very shallow depths, however, the resistance at the liighost speed is seen to 
be less than in deej) water. It is also to bo noticed that the minimum 
resistance occurs at the same depth W all speeds. This depth appears to be 
ibout jljth of the length of the boat. Tins is borne out by the results of all 
die trials. 

Mr A. Denny’s Experiments. —These were carried out in his 
ixperimental tank. hTg. 184, p. 238, shows the results obtained from the ' 
iiodel of a barge, the particulars of which are given in the I’able, p. 238. 

The model was run at one depth, r252 feet; and this was compared* 


Kesistance Kg. 
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with the results at ii depth of 10 feet. The rise of bow and fall of stern 
are also {riven for the same speeds. As a result of the investigation, 
Mr Denny caiuc to the coi elusion .that ho eouh’ not guarantee for shallow 
river boats any definite speed. The shaded po lion of the diagram denotes 
a region of instability of notion similar to that to whieli roferenec has been 
made above. 


Sprr/i 7'> 




o s ( 00 mo a on sso 3of> 

DrfitJi oC iti 

'rPiG. Its —Ut'.islance and depth curves at dilVereiit sjiceds. 

^ Speeds are in melves per sccoikI. 

Sir Philip Watts* Results. —sii' I’hilip AVatts eontributod a paper to 
the Institution of Naval Architects, 1909, upon the sjreed trials of a Torpedo- 
Boat Destroyer at Skelmorlie and tlir Maplin Sands, whieh was run at 
speeds varying up to about .SS knots. 

At Skelmorlie the depth of water is 40 fathoms, while at the Maplins it 
is only 7'5. 

The dimensions of the vessel arc— 

Length, 270 feet; breadth, 26 feet; mean draught, during trial, 8 feet 
2 inches ; displacement, 836 tons. 


I 

■§ 
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The trim at tlio (liflbreTit Kpccds was nieasurod. The wave profiles wore 
also obtained by measuring the disbinces down from the gunwale at various 
points along the length of tlie vessel. 

b'ig. 1 8 . 0 , p. 239, show.s the residts obtained. Tlie figure shows the shaft 
horse-])ower, total toi'cpie, moan rev.s. per minute, and change of trim by the 
stern, plotted on a base of speeds. The curves for the deep condition are all 
smooth, and eontimiously rise with the speed. lit the xhti/tuie tmfer, however, 
a huihp occuis on each curve at the same speed —22 knots—which is the 
critical speed for this detith, viz. J’/d. 



dOMPAUISO.N OF liKSISI'AM'K.s IN |)|!E1> AND SuAl.I.OW' WaTHU AS OBTAINED AT .\1e.SSU 
Dknnv linos.’ I’i.xl'KiiiMEN'i Ai, Tank, Ddmiiauton, with a .Modei, ok a HAimE200'x 27' 

IMllTICI lOKS lUf MoDlfil.. 


Length. Breadth 


j ' Coefticients. * 

Moulded ; DisiAlaceinent In ' _ 

Draught.; Fresh Water 

i I Pris ^ ^ Area. Block. 

! ' k. 


Depth of Deep Watcr-lo'. 

Depth of Shallow Water- l‘‘25*2'. 

The shaded parts show the extreme var 
atiuii caused hy instability. 


12' 162' -27' ' 27411)8. •84(. •1>S9 *827 j 


s» 

At speeds above 27 knots in the .sliallow water, we notice that the 
H.l’., torque, and revs, are much less than for the deep'water. The 
change of trim is also much less. Above 30 knots ^.tliis difi'erence seems 
to be constant, and may be appkeciated by noticing that the 11 .P. is about 
2000 less in the shallow than in Ijic deep water. Tliis is equivalent to 
a difi'erence of speed of IJ knots. Judging by Kota’s oxperimentB given 
above, it may be supposed that had the depth of water been only one-tenth 
of the length of tiie vessel, viz. 27 feet, the resistance would have been 
2 to 3 per cent. less. 

Mr Yarrow had a series of experiments made upon models at the North 
German Lloyd tank at Bremerhaven. The results of these experiments are 
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shown in fig. 186, p. 240, and contain the same characteristics as those 
of the preceding experimenters. 



Disijliieeincnt, 836 tons. 

Ihaiilin, 7^ fatlioTns—shoi™ dotted. 
Skclrnorlie, 40 fat]iom.s, shown Adi lines. 


Mr Marriner gave an aunU'.ds of tho.se trials, supplemented by the 
actual results obtained from the trials of full-sized vcssolS. He came to 
the conclusion that at each depth of water there is a speed above which 
—for that depth—there is no wave. He calls this the “ critical speed ” for 
this depth. 
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Also, for a given speed there is certain depth below which there is no 
wave—for that speed. This is called the “critical depth ” for this speed. 

It is found that the relation between the critical depth and the critical 
'pced can he expressed in the form t'^ = gd, where v and d arc in ft. sec. units, 

or V- - 11 ‘‘dd, 

where V is in knots and d in feet. 

Wh-n we have a combination of “critical depth” and “critical speed” 
wc get augmented resi.stauce. 



W 27 22 23 24 25 26 27 


ijL l^nvts 

Fio. 186.—Curve.s nf effective horee-power and si)eed in various depths of wati'i'. 


No. 1. Depth of wat('r = 20 ft. 
,, 2. „ „ =30 „ 

o 3. „ ,, ^45 ,, 


No. 4. Do[iih of water = 60 ft. 
,, 5. „ =90 ,, 


His main conclusions arc-- 

(1) The critical combinations of depth and speed do not depend upon 
the. size of the vessel. 

(2) There is, for every ves.scl, one, combination of critical depth and 
speed that is more serious than the jOtfters, and this depends largely upon 
the length of the vessel. 

(3) The deptl'^.to be avoided is given by . bout d = —, where d is in feet 

and V in thols. The resis!'*^"®® greater and smaller depths. 

These conclusions indicate'® gradually shoaling 

water, or increases her speed iS *^® ®®'“® ^®P*** *^*^® system of 
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scillating waves formed by the vessel is gradually changed into a system 
f shallow-water waves; and, as has been shown on p. 135, these are again 
hanged into the wave of translation. For the same depth there is only 

f e velocity for a wave of translation ; and if the velocity of the boat exceeds 
at, there will bo no wave sj'stem formed, and hence the resistance will 
|e diminished. 

Tn order, however, to reach this speed, the critical point has to be passed, 
diich calls for a large increase of power, ('nee this point has been passed, 
fvho H.l’. decreases for a slightly increased rise of speed, and then increases 
as the speed increases, but at a much slower rate than before. 

Dr Fronde states that the phenomenon may be divided into three principal 
elements:— 

1. As (lie water shallows, the stream lines become more and more tv o- 
dimensional in character instead of three-dimensional. This tends to 
accentuate the stveam-line variations of speed and [iressure, and hence 
increases the I'csistaiice. 

2. The intensification of the stream-lino variation of speed which increases 
the eddymaking. 

3. The re .istanoe due to wa 11 uakmg. This de])euds upon the relation 
between the speed of the boat and that of a wave of translation for the 
same depth of the cliannel. 

When the depth of water is so small that the wave of translation cannot 
keep iiace with the boat there is no wavemaking, and hence there is a 
reduction in the resistance. 

From the results given it will be seen that it is possible, within fairly 
wirle limits, to determine the difference in resistance between that obtained 
on the assumption of deep water and that at any shallower depth. It is 
also seen that tlie resistance in shallow water may bo greater or less than 
in dee]) water according as the sjieed is near Jyd or much above it. 



PART VI 


PROPULSION. 


CHAPTEE XVII. 

ELEMENTARY CONSIDERATION OF PROPULSION. 

Consider two floating bodies. If one of tlie bodies acts on the otlier wliich 
is free to move in a fixed straiglit line, there uiiist of necessity ))0 a reaction 
from that oilier. This reaction can only be provided by the resistance of the 
body to change of motion in virtue of its inertia, or by the I'csistancc of the 
fluid to the motion of the body through it. If the other body’s motion 
becomes uniform, the resistance of the fluid will then be eijiial to the force 
with which the first body'acts on the other. 

'I'he first body wo may consider as a propeller. The pictures of the screws 
on the stern of a vessel show what kind of instrument a screw propeller is. 
In most cases o.ach blade is a piece of a surface which is swept out by a 
straight line revolving uniformly about a fixed axis, and moving at a uniform 
speed along that axis,—in which case the propeller is said to have constant 
pitch. The part of the surface appropriated for the form of a propeller 
blade is freijucntly elliptic in form, so that it is practically an elliptic piano 
slightly twisted and placed obliquely to the shaft axis. Every square inch of 
the blade in rotating meets with rosktance, due to the inertia of the water. 
This is usually considered as being of two separate kinds—one due to rubbing 
the particles of water out of the way, the other due to pushing them. Wo 
■gonorally call those two kinds of resistance frictional and he.”.d resistance, 
respectively. Kor a given speed of blade through the water, the more oblique 
the bl.ade is the more will be the normal pi'essure ; and the less oblique, the 
greater will bo the. frictional resistance. Also, generally, the greater tlio area 
of the part of the blade moving at the given speed, the greater will bo these 
resistances. If the blade be square ^ the shaft thoi-o will bo no push in it, 
it will bo all rubbing resistance. If it bo in the line of the shaft, it will be 
all push and no rub. But in both those cases we shall have no reaction in 
the direction of'ihotion, and there will be no force to cause propulsion. For 
positions of the blade between these two there will be both rubbing and 
pushing resistances, and there will be a resultant reaotional push in the 
direction of motion, which will vary from zero to a maximum and hack again 
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to zero between the tw(j oxtromc positiouH of blade considered. What we 
have to find out is: whore is this maximum, and what is it? 

Stream-lines. —We will firat ti-y to see what goes on in the vicinity of 
a propeller when a ship is being driven by it. Fig. 1H7 shows the results of 
observations made by Mr (lalvert upon the direction of the flow of water as a 
ship passes through it. The thick lines represent floating thin radial featlicrs 
which indicate the line of motion of the water relatively to the ship. ^This 
kind of change of relative motion is called stream-lino motion, and its cflFect 
may be seen in actual forms round which flows a coloured fluid. This shows 
the same kind of view which one would have in looking over the stern or bow 
of a ship if the water were parti-coloured in a similar way. 



Fic. 187.—Showiiif; the positions taken up by the stivaui lini'.-. 
at tho stern of a niovin» vessel. 

Suppose in this scream at the stern we put a revolving screw propeller. 
There will be a disturbanee of these stream lines. The rubbing and pushing 
action of the pro])eller sends the water in many direction.s, anu the action of 
rubbing and pnshiug will react on tho propeller and lend to resist tho rotation 
of the projieller* .and will push the ship ahead. The more push the reaction 
gives to the shiji for a given turning ettbrt of the propeller, the more efiieicnt 
will be the result We *aave seiH that there is. a zero of push ahead in two 
directions of the bl.ade relatively to the^shaft, and a maximum somewhere 
between. This will be so in tho case of the propeller acting under the stern 
of the ship; but inasmuch as the direction of the water to the a-\is of the 
shaft and to tho line of motion of the ship is itself varying and slightly 
oblique, the position of zero push will not necessarily be cither at right angles 
to each other or at the positions square to and along the shaft, as in the 
simpler case already dealt with. 

Relation between Propeller and Engine.— Let us consider Ihe 
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simpler case fir.st. Suppose a propeller to be carried by a iibaiitoin ship 
havinp no form, but only a capability of (1) (leliveriup: a turning olbort to 
a propeller and (2) receiving a push from the jiropellcr. Suppose the 
turmug ellbrt on the shaft to be always the same, and such as might be 
delivered by the steady pull of a rope on a drum attached to the shaft. 
If the blade of the propeller is ])lat'ed in a jjlane scjuai-e to the line of shaft, 
the resistance which tbe turning (itfort will meet with will be a rubbing 
or frictional resistance, and there wall be no forward push given to the pro¬ 
peller by the reaction of the water. 'I’he shaft will run vm-y fast, and its 
limit of speed will only be reached wdion the total rubbing resistances balance 
the turning oH'ort due to the rope in the drum. A liirge amount of work will 
be done by the force in the rope moving at a great speed. Hut the useful 
eUbci; in propelling the vessel will be /.cro. If, for a rope, we were to substitute 
an engine, we might have a very etheient engine so fai' a woi-k delivered in 
relation to weight of nuudnne, or in relation to steam used, but the whole com¬ 
bination of screw and engine would be a useless machine. If we j)lace the 
propeller blade in a plane along the shaft we shoidd get a large head 
resistance to the propeller, but it would all be in a direction sipiarc to the 
shaft, and no forwanl push duo to the reaction of the water would be caused. 
As before, the limit of sjjecd would be reached when tbe re.sistance to jmshing 
the blade Ihrougb the water balanced the jmll in the rope. 'I'his would be at 
a much lower speed than in the former case, and the work done would be less 
in ])ro])ortion to the lowering speed. If the work were done by tbe same 
engine as before, it would not be so ellicient an engine in relation to its 
weight nor to that of tbe steam used. \Vc might be able to maku. it as 
ctllcicnt in relation to steam used by making it larger and hea\US', laut this 
would still more sacrifice its efficiency in relation to its weight. Whatever 
was done to improve the efficiency of the engine in one respect or the other 
would not make the propeller drive the ship, and, as before, tlic cffieiimey of 
the apparatus would be sero. If, however, we put tiie propeller blaile in some 
oblipne intermediate position wc shall get less rubbing and pushing resist¬ 
ances than in the respective lirst and second cases, but we shall get some 
effective push or thrust in tbe propeller. Suppose, by a [irocoss of trial, wc 
can get the e.xact obliquity which will give a'maximnra push forward fora 
given pull on the rope at a given speed, that is, for a givim ainonnl. of work 
done per unit of time (usually called a given amount of IT.*’.), we .should then 
have the best jiropeller result as ra.^'ivs the obliijiiity of the particular blades 
of the propiollcr are concerned. But wo should > ’dy then have one best 
^result. Consider how many things have been given or assumed for tbe whole 
installation, l^irst, we assume a certain work done per unit,of time called 
horse-power. Next wo assume a givieu sjieed of tbe rope anil a given force. 
These two miiltijilied together give tbe H.l’., but it is evident that ono-lialf 
the speed and twdec the force would give the same 11.1’. In fact, there is a 
great variety of speeds and forces whose jiroUuct is tnc H.l'., and each one of 
these will have a different ofloot ,on the propeller. It will also ])robably 
reduce the efficiency of both weight and steam consumption if the II.I’, is 
derived from an engine inste,ad of a rope and driiiii. Increase of speed will 
increase forward' push, but the obliquity of the blades may not be the best 
for this increased speed. The engine would probably be increased in 
efficiency by the increased speed. But even with this set of conditions it may 
not, be that the particular propeller, oven if at its host obliquity, would be the 
best propeller for that particular speed of turning. Its blade area may be 
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3 apable of im])roveraent. It may be that the iucrcascd speed would cause too 
much to be done in rubbing and not enough in push, so that it will be seen 
that though a j)ropcller may bo the best for a given s(‘t of conditions, it may 
he that it is not the best be.st, but that a change of conditions may make a 
better best. Thus it is seen that, for tlie highest cfiieiency, not only is the 
best best propeller the best for its own engine, but it must also have tlio best 
3 ngine. Somctime.s it is possible to combine these excellences, but generally 
it is not, and the sacrifice of one or other bests has to be made. • 

It is certain that we must study the engine efficiency in tui-ms of speed 
of rotafion .and ll.P., and the propeller in the same termi,, and also in that of 
speed of shi]). 

'J’he subject is wide and difficult to deal with in detail, and later it will be 
seen that if has Ijeen treate<l experimentally by model propellers as large as 
IG inches in diani'-ter, having varying areas of blades, diameters, ooliquities 
(usually called jnwni), revolutions, ami s])eed of ship. Those five variables all 
cause v.arying eiiT.icncies, so ih.at, treating efficiency as the result of any of 
these five variables, we have six in all. It is to be noticed that efficiency of 
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propeller is the ratio of push forward to turning effort, and these are capable 
of varying independently. It will therefore be necessary to permutate all 
these combinations by tindirtg how some vary, while others remain fixed. 
For instance, for a given speed of ship, and a given H.l’., and given propeller, 
we may trace the ci.ange of efficiency in terms of revolutions or slip-ratio. 
This i.s*shown in such a curve as fig. l.'<li,^n which B 11 is the thrust curve and 
A A the elliciency curve. 

Elementary Plane Propeller. —Bet us first consider the simplest 
kind of proiidler—a plane attached to the lloating body in such a manner 
that when aefed on by a force it only moves a small distance, while the 
floating body i*noves a comparatively large distance. c can examine the 
conditions of thrust by resolving the forces or the reactions in the direction 
of motion of the floating body,’ and thereby sirrive at a determination of the 
efficiency of the [iropellor. • 

As viewed from this standpoint, the action of a screw propeller is the 
same as that of a series of planes rigidly fixed to a revolving shaft, +he planes 
being inclined to a transverse plane perpendicular to the shiFft. 

In the case of the paddle or stern wheel, the planes swing in vertical 
circles about a horizontal transverse axis, and are perpendicular to the fore 
and aft vertical plane. 
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Wo can apply Newton’s second law to determine the aviiilahle thrust for 
overeoininp the ship’s resistance when moving at a uniform speed if we make 
certain assumj)tions as to the speed of the water in the region of the propeller. 
If we look upon the ship as provided with means whereby it can act on a 
certain volume of wat(!r so as to change the momentum of the water in a 
certain direction, we know that in order to produce this change a force is 
necessary, and that there must have been a reaction to this force, such 
reaction being provided by the resistance of the water to the motion of the 
ship. The ethciency of tlie screw propeller and of the paddle-wheel c:in be 
considered from this point of view. 

In some ships the agent for acting on the water is <'onstructed inside the 
ship, and the w'ater led to and away from it by means of guide passages. 
This means of propulsion is called the jet propellei’, and the action is almost 
the same as that of the centrifugal pump. 

Efficiency of the Jet Propeller.— 

bet m = mass of unit volume of water, 

A area of passage to pumps, 

= velocity of feed, 

V — velocity of water after it leaves the pumps. 

We can simplify the consideration by supposing the ship to be stationary, 
and the water to flow past the ship with a speed V. 

Then the mass of water entering the passage per second = m-KN. 

Knergy in mass of water entering passage per second = 

, . fmAY\ ,, 

„ „ leaving ,. = j • 


Therefore, total work dune, supposing no work is done on the friction of 
the pass.ages, = (t'" - V^). 


bet the resistance of the water to the motion of the ship through it be li. 
Then when Vps uniform, ■ ■ 

11 -change of momentum in the water per second, 

= ;aAV(a-V); 


i.e. the thrust available for overcoming the resistance being equal to the 
rhange of momentum per second, is balanced by the resistance R, or overcomes 
the resistance U at the speed V. 

The useful work is the work done in overcoming the shin’s resistance R 
at speed V, 

■i.e. useful work done per second = RV, , 


= »iAV(i--V)V. 


Elhcieucy = 


Useful work 
Total work ’ 


»hAV(^i-V)V 
U»AV{i-2 _ V2) 


2V 

-r+ 


+ 1 
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It may be noted hero that the lost work is equal to the energy lost in 
the race, 

= I - V2) - J)tAV(^; - V)V 

= lmAY{v - V)2 

In estimating this value for the efficiency, the assumption has been made 
that there is no loss by friction either in the passages or pumps. We may 
estimate tl>c loss due to friction as being a function of the velocity (p+^'), so 
that the formula for the efficiency will take the form 

2V__ 

‘ {v+V){l+~c)’ 

where c is a ooeffic'Ciit depending on the amount of friction. 

Looking at the'above expressions for useful and for lost work, we see that 

in order to make c as large as po.ssib]e should be small and A should 

be largo. Theorotic illy tliis is the direction to go in order to increase the 
efficiency, bn in practice a limit f i tiie size A is very soon reached. There 
are also other ipiestions which arise, but these will be discussed later on. The 
efficiency of a jet propeller is therolore not largo, and in actual cases it has 
been found that the '>"s( forms of this means of propulsion only give something 
like 35 to 40 per cent, efficiency. 

The above method of treating the efficiency of a jet propeller applies 
directly to the case of the screw propeller. 

We see that in the jet propeller the water leaves the ship with a greater 
velocity than it enters. The difference of those two velocities, i.e. (v - V), is 
called the speed of slip. 

If there were no slip the speed of water leaving the ship would be equal 
to the speed of the water entering the ship, and there would be no change of 
momentum and no reaction. There could therefore be no propelling force. 

Sometimes slip is defined as the theoretical speed of propeller minus the 
actual speed of ship. Care must be taken to see that we relate these two 
velocities to the same thing. The speed of slip, therefore, is the speed of the 
water in the race relatively to the surrounding water through which the ship 
is moving. 

Efficiency of Screw. —Passing to the screw, we see that here there are 
no guide passages. The screw works nP open water, and is fed without any 
directing surfaces. 

Wc may imagine, however, a certain stream of water to b" acted upon, and 

apply the sivnfe formuliie as for the jet propeller, and so get * = 'f*'® 

detect in this application lies in the assumption as to the stream of water 
acted upon (see also 27.1) .If we do not take into consideration the dis¬ 
turbed motion of the stream lines in the wHke of the ship and about the 
screw', the efficiency of the latter shoirfd be greater than that of the jet 
propeller, for the reason that there are no passages to cause friction. The 
efficiency of a good working screw propeller is generally about 60 to 70 
per cent. The jet form, however, can claim the advantages of all the 
machinery being inside the ship, easily accessible, and better under control, 
and therefore less liable to damage from the outside, but on account of its 
low efficiency it is seldom used. It is employed in some steam lifeboats where 
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moderate speed is sufficient, and loss of efficiency not so important a factor. 
It is important to make the orifices for the passaf^es in a jet propeller of 
suitable size, and not too large. The shape and position of the orifices also 
require careful consideration, and it is best to make the largest dimension 
horizontal. 

Efficiency of Paddle. —The efficiency of the paddle can be examined 
in the same way. The ordinary form of paddle consists of a number of floats 
fi.xed till a circular frame. The flotits are placed so that at the instant when 
one of them is vertically under the axis it is a little more than submerged 
below the load watcrplane. The inclination or feather of the floats does not 
aft’oet the question at present. The action of any float in the water while the 
paddle-wheel is revolving is to pile uj) the water on the after side, and by the 
defect of Jiressiirc on the forward side to cause the water to flow in to follow it 
on the forward side. At any instant there is, say, an area of stream eipiivaleut 
to the area of two floats submerged, one on each side of the ship. The 
assumption as to the race, which it is necessary to make here, is that the 
speed of the race relatively to the ship is equal to the linear speed of the 
floats. The cross-sectional area of the race is equal to the area of two floats. 

These assumptions would ho nearly true for a paddle-wheel whose floats 
were always vertical, and entered and loft the water without disturbing the 
stream-line flow of the race. 

Let the linear velocity of float = v. 

„ „ ship = V. 

V must be less than v before a forward thrust can be developed. 

Velocity of race relatively to still water = v-\. 

Let the c7'Oss sectional area of stream aflected be A. Then, as before, the 
useful work — IIV. 

The total work — Ua. 

This assumes the condition of the water to be solid, yet penetrable without 
eil'ort. 

UV V 

The efficiency is therefore = —- — . 

llw V 

The mass of water acted on per second = wiAV. 

(fliaiigo of momentum per seconcb,= 7iu\V(v- V), 

'I'hrust or resistance R = i«AV(ji - V). 

Useful work = mAV-.(v-\). 

Lost work = Re-ltV. 

= U(e-V). 

= /«AV(i.-V)2. 

Loss in race= \m\\'(v- V)" since {v— V) is the absolute velocity of the 
water in the race. 

.'. Loss due to shock of floats and water 

= Total work lost - loss in race 
= i,HAV(«-V)U 

1,0 the jet propeller the work lost is only |»»AV(n-V)^=^ of the above 
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if V is the same. It is to bo observed that A is assumed to be the sectional 
area of a continuous stream in steady How, but in actual paddles the 
stream is a series of blocks of water in more or less vortex-like motion, to 
which the floats have given motion, principally astern, but also in some 
other directions. 

(v - V) the velocity of slip will bear a proportion to the linear velocity of 
the paddle t/. 

?) = irDji I) = diameter of wheel. • 

« = number of revolutions. 

. '. ■!) - V =/.'irDa /c is a constant. In tliis case it is 
called the “ Apparent Slip.” 

V = l);t(l -/>. 

But !l = ;«AV(t;-V) 

— A5i“D'bt-A'{l - i). 

A- 

pitnV .;^/c(l - A'). 

If A' is the area of the iloals, 

Vv^AV. 



V 


II 

which will determine the size of flo.at if a value for k is selected and R is 
known. L sually, however, the diameter of the wlieel remains to be determined 
from the intended speed of ship, slip, and the number of revolutions. At 
first sight it ap])ears that the way to increase paddle efticicncy is to make 
(y-V') small, or v and V nearly equal. 'I'o do this, however, it would be 
necessary to make A very large, but there is a practical limit to A, so that the 
limit of efficiency is soon reached. The losses peculiar to a pfiddle are due 
(1) to the vertical motion of the floats through the water, an4('2) loss due to 
the shock of the floats when entering the watei'. Feathering paddle-wheels 
are designed to ob\ iato the latter source of loss. A sketch of the feathering 
arrangement is g'ven in fig. 191. Thl'Ho.ats are geared by connecting-rods to 
an eccentric so that the plane of any float when entei'ing the water lies in the 
line of the resultant of the forward velocity of shii) and the tangential velocity 
of float. 

Let 0 ii^ fig. 1>’9 be the paddle centre at any instant and C the relative 
position of the centre of a float A L entering the water, (1 being on the 
surface, .loin 0 0. Draw Cl.) perpendicular to OO, and make CD = 7rl)(t, 
i.e. velocity of float about the centre 0. Draw 1) F liorizontal and e()ual to 
V. Then 0 F is the resultant in magnitude and direction of the velocities 
of the float and shij). 

If A B lies in C F the float will then be entering without t bock. Thi^ 
only determines the inclination of float for one point, C. 'If we consider any 
other point in A B, say B, the direction of B E' the resultant of the velocity 
of B will be ditferent from C K. Therefore the float should be such that the 
direction of the resolved velocity of each point sho\dd be a tangent ko the 
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jiirve of the float at that point: C E is tangential to the float at the surface, 
riie section B of the float must be a curve which can be roughly approxi- 
jiated to liy making it a circular arc of radius equal to 0 0. It is evident 
that a float fixed in relation to the periphery of the wheel at an angle to be 
.‘ffeetive w hen entering the water would be very ineffective when leiiving. It 
thend'ore bceomo.s necessary to change this angle during the motion of the 
raddle-wheel. Thi.s is done by mecliauism known as the feathering gear, 
hlaeh p.xddlc flo.at is hinged on an axis a little above its centre. To the 
iuat is attached a lever eounected by a ixxl to an eccentric which has a 
lentre a little forward and slightly above the paddle centre. This arrange- 
nent causes the paddle floats to revolve round the axis on which they are 
binged. See fig. 191. 



Flo. 189.—B D' is perpendicular to 0 B and equal to C I). 
D' E' is equal and parallel to I) FI. 


Various methods arc used for the determination of the eccentricity which 
jnj!)duces the desired motion of float. In some paddles the float is designed 
?o that its plane! when it strikes the water always passes ffcrough the 
liighcst point of the circle concentric witli the paddle centre. [The centre of 
the eccentric circle is called the “.fenny Nettle. Centre.” It can be found 
by drawing the planes of the floats in two or ^three de/sirable positions after 
the length of the smaller lever itf fixed. 

In tlie construction for a wheel so to give the floats the required motion 
the designed speed must bo fixed. The following is a method of fixing tlie 
position of the Jenny Nettle centre. But the more frequent practice is to 
lix it by relation to‘’previous sucee.s8ful practice. 

A circle A B C is drawn through the lower edge of entering float. 

B I) represents the tangential velocity of float edge, D K represents the 
velocity of the vessel. Produce D K to E making D E = B D. K E will 
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represent the velocity of slip. Draw L B, where L is the middle point of 
K E. Draw the curve of float radius = radius of float centres. L J! is a 
tangent to the float at B. At C draw the tangent CG = DB and (! H 
parallel to B C and = D E. Join C H. Draw the curve of float so tluit (111 
is a tangent to it at C. Let the chord to the lowest position Q of the flo..t 
be vertical. Make the length of the float levers three-fifths of the dejith of 
the float and find the centre M of the circle through the extremities of the 
levers. This gives the eccentric circle. • 

The revolutions of a paddle vary from about 10 to fiO per inimite in this 
country. In ztinerica a paddlo-wlieol is frequently driven by a very long 



stroke engine attached to a beam and connecting-rod wl..ch rotates a radial 
or non-fealhering wheel at about one-half the uundjer of revolutions usual 
in this country. 

The slip we have seen to be {v - V). 

y-V * 

Slip ratio = 

II-V 

Slip per cent, is-100. 

0 

If the slip per cent, is 20, this is good efticiency for a paddle. Some paddles 
work with as low as 16 per cent. 
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Assume 

100 =20, 
r 

then 

A7 

r-V = ^, 


II 


1 jOxh in rune i/i A V( n - Y]'’ 

2.') 

/;/AV^ 

“ ;i2 

I'lH'ective lionie-powcr (K. Il.l’.) -= |{V = ;/(AV(!i - V)V 

4 


IjOss ill the race = —E.1T. 1’. 

8 

Here, again, it niu.sl be ob-serveil that A is the sectional area of an ideal 
itream of coiitinnons motion astern. 

lt= ' ■' in lbs. 

<J 

VI — 64 : // — .‘12. 

l! = 2AV(a-V)=-i'A'«(ii-V). 

.\'n- whore A' =- area of two floats in sii. ft. 

lir(a-V) ' 

Now (a "■ V) — H , and .'. ?' = '|V. 

A' - '--for a slip of :10 p'-f cent. 
n\ ‘ ' 

t.Analysis of the I.H.P. of Paddle Engines.—!’ he actual values of 
he ratios can only bo dotormiiied by e.\i>eriinent or by comparison‘of sncce.ss- 
ul vessels. An estimate has been made, and the following .aro snppo.sed to 
le fairly accurate percentages for a good working sia of paddle engines. 


lorsc-power reipiired to ovorcoiiit resistance of ship—1 x E.H.l'. . . (1) 

„ lost dne to rac<! . . . ^-Id.'i ,, . . (2) 

„ „ shocks, etc. . . . ='125 „ . . (3) 

„* vertical motion of floats . = ■ 1 „ . (4) 

Total loss which is proportional to K.lf 1’. = -.‘bA E.ll 1’. 

'4d. 2,i8 only i of total loss due to race. 
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No. t is a variable quantity, and dcpeuds.on form of floats, etc. 

Initial friction of enf^iiie ='11 l.lf.P. . . • (1) 

Live oad friction ='15 „ . . . • (2) 

Losses due to pumps ='01 „ . . . . (•S) 

Total loss proportional to I.H.I’. = 3 I.K.I’. 

No. 2 includes frictional loss in jiarts of paddle that cannot bo luBricated 
as in a screw engine. They run in wat r. 


K.ll.l'. +sum total loss= l.ll.l’. 
l :i.0 K.H.l*. + -3 l.ll.l’. - l.H.l’. 
i ;ir)K.H.'>.=.'7 l.ll.l’. 


K.ll,'’. 

I.H.K 


■h'2, wliicli is a very good result for a paddle engine. 


Examination of Efficiency—according to the Blade Theory — 

Tlio metlioi: just coiisidered depi 'id.s upon tbe dynamical clianges that take 
place in a quantity of walcr wdiicb can be acted upon by tbe propeller. 
Itankinc considered tbe question oi' propeller ellicicncy in tins way, and to 
bis tbeory as app' '“I to rerew ^iropellers tbe name “disc theory” was 
given. It was assnmed that tbe volume of water that caused tbe cbangc 
of moineutum was measured by tbe area of tbe disc of tbe tips of tbe pro¬ 
peller and tbe slip. 

However, wbeii it is necessary to e.xamiue wbat ell'ect tbe variation in 
shape or design of tbe propeller having a giving disc area and sliji has upon 
tbe eHieieiicv, this method oH'ers no assistance. F.xperience has shown that 
considerable diirerences e,\ist in such eases, and therefore an examination of 
the relations between all tbe forces acting on tbe projieller is necessary before 
the ('fleet on elUcieucy of variations in tbe design can be stated. Tbe general 
conclusions based on tbe disc tbeorv are that large disc area and small slip 
arc necessary for high otticiency. Mxjieriencc has not borne this out, .and it 
becomes necessary to investigate tbe subject of screw propellers in full 
detail. This can be done by considering first the simple case of a 
small clement of tbe surface of the piaqieller. Tbe theory of tbe 
propulsive efliciency of the element of a jirojicller blade was enunciated 
by tbe late Mr \V. Fronde. 'I'o tbis*Aoory tbe name of “blade theory” has 
been given. 

The simplest kind of propeller that one can imagin' is a plane wb’cb 
is consti'abjed to 'iiove in a definite straight lino by some power within 
the ship. 4 

Examination of the Efficiency of a Small Plane Propeller.— Let 

(!C,' fig. 192, be tbe.small plane fixed in direction placed so that its normal 
is at an angle 0 with tbe lino of motion .\ fl of tbe ship. A force T acting 
along (JA causes the ship to move in*direction II with velocity n, and in 
direction (I A with velocity v. A (I is at an angle a to All. 

Let tbe reaction of the plane C 0' be 1! along a line C R iucli led at yS to 
All. This reaction propels the ship in tbe direction A*B. VVe can resolve 
this I’eaction into components. 

R cos {/i - 6) = P, say, perpendicular to 0 C', and R sin (13-0) = Q, s^y, 
parallel to C O'. P represents the normal reaction of the plane. Q represents 
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the friction of the plane. Then the total available thrust for overcoming the 
resistance to the motion of the ship along A B 

= 11 cos /S 
= P cos 0 - Q sin 6. 

For uniform motion along A B this must equal the resolved part of the tlirust 
T along A B = T cos a. • 

Also the component of U along A(1 must he equal and opposite to the 
thrust T, 

i.e. T = P cos (a - ^) + Q sin (a - 6). 

Therefore the useful werrh, which equals work done against resistance by 



thrust T cos a at speed a is equal to T// cos a^fPeos 6 - Q sin $)u. The 
Mai work is the work done in moving the propeller plane against resistance 
'= Tv • ^ 

,= jP cos (a -^) + Q sin (a - 0)]v. 

a, Useful work (P cos 6-(I sin 3)ii 

Iho cmcioncv= „ -- —a—-- /— 

■ 1 otal work {P eos (a - ^) + Q sm (a - ^) (v 

f 

In the ease of a perfeetlj/ smooth jilaue Q=-0. 

, " ■ P’cos ^ « w • cos 6 

So that e=,, -,-=--;— 

1’ cos (a - fi) t V cos (a - 6) 

If the plane is moved in the direction of its normal then (a -6] =0. 

So that e = * cos 0 

V 

and T = R. 
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Again, if the plane is moved in the direction of its normal, and also 
if the plane is perpcndicnlar to line of motion of ship, then ff —0, 


and therefore € = 

V 

an<l T=li. 


In Jie general case the expression for the etlieiency of a smooth plane 
pi'opcller IS 


K cos 0 
V cos (a - 6) 


I f H e soj)[)ose that the water is solid, yet penotrahle by the plane edgewise 
witliont effort, the condition will be the same as if the plane were poshed 
along a smooth nnyielding surface par.allcl to itself. In such a c.'tse, there 
being no loss of work, the work done in pushing the plane would cipial the 
total work done. 

Hence c=l. 

n cos 0 _ j 

V cos (a-6) 

.'. II, the velocity of the ship, = 

cos 0 


'J'his is the theoretical maxiiuniu velocity. 

In the actual case of the plane working in water, a is always less than 
V cos (a — 6) 

i^ose ' 

The difference of these two velocities, ' - - v, is called the 

cos 0 

velocity of slip. 

In the case considered above, where the [ilaue is perpendicular to the line 
of motion of ship, the velocity of slip = v- u. 

“ Slip ratio ” is defined to be 

V con {a - 0) 

cos 6 ^ ^ > y 

V cos (a-O) ~ ‘ ■ 

cos 0 

_ j u cos ^ _ I _ ^ 

V cos (a - 0) 

W'c may now apply the above general proposition to jiarticiilar cases. 
Paddle. —Consider one immersed float, as in fig. 193, of a radial paddle- 
wheel. 

Let \V W, bo the water surface. 0 is the paddle centre. A 11 the float. 
0 A 11 a radial arm, 

The resistance of the water can be rejiresented by a force R acting at the 
centre of pressure of the float. 

. Let R and be the components of this resistance perpendicular and 
parallel to the plane of the float respectively. 
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Let the inclination of AB to the vortical bo 6 . Then the angle of 
inclination of 1’ to the horizontal is 6 . 

The angle between P and the direction of motion is therefore $. 

Apjdying the formula as in the case of the piano propeller, 

T = P cos S - Q sin 6 , 

where T represents the useful thrust, i.e. the thrust to overcome 11, the 
resistance of ship. • 

Let V = tangontval velocity of the flo,at at the instant under consideration. 
Let M = re julting velocity of ship. 

Useful work done = Ta 

= (P cos d- Q sin 6 ) 11 . 

Now the component of the resistance R, to the motion of the plane along 
the line of motion < I float, = P. 



Total work done = P?' 

_ (P cos 6 - Q sin 6 )n 
Vy 


For i perfectly smooth Poat 
and 

When the float is vortical 


Q = 0, 

u cos 6 

€ = - . 

V 


61 = 0 , 


•and- 



Feathering Floats. —Consider a point in the float at a distance r from 
the paddle centre. The principle of a feathering float has already been dealt 
with, but it may be interesting to examine the question from another point of 


^^^Tf the tangential velocity v of the point equals the velocity of forward 
motion u of the paddle centre or ship, the point will describe a cycloid. _ A* 

VOL. 11. 
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cycloid is the path of a point on the circumference of a circle which rolls 
on its circumference without slipping. 

If by some mechanism we could feather the float so that its piano would be 



Fig. 194. 



Fifi. 195. 



always tangential to the cycloid in lig. 194, then there would be a ininimum 
of shock. ' 


in the actual case of a paddle driving a ship a certain amount of slip 
necessarily takcs^place, thus making less than v, and the path traced out by 
a point whose radius is r would be a curUte trochoid (fig. 195). A curtate 
trochoid is traced out by a point on the circumference if the circle slipped 
^with a uniform volocitv. This is ccjuivalent tf) t.lio nnint. 1 ipinof nn t.liA 
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circumferenco of a circle whose radius is greater than the radius of the rolling 
circle. 

Again, if the floats be feathered so that the plane of one float follows a 
curtate trochoid as in fig. 195, the resulting path of a point in the float when 
driving the ship would be a trochoid more curtate thau the one in the figure. 



• * * 

Thus wo see that in order to have the foia^rd motion equal to a certain 
amount when the tiingcntial velocity of the paddle floats is v we sliould 
fe-athor the floats to a curtate trochoid formed by the velocities v and 
whore is greater than u by an amount depending upon the velocity of slip.' 
In practice this method for finding the amount of feather is not adopted, a 
practical method being to feather the float so that its piano passes through 
the highest point of the paddle circle. , 

It is also interesting to see what feather should be given to the floats 
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when « is greater tliaii v. A velocity 'u^ greater than n is chosen, and the 
resultant cnrvc of a, and v then found. 

The form is as in fig. 190 and is a trochoid. 

For any desired values of /> and it, we can conslrmd floats to the required 
feather if wo know what the velocity of slip is likely to ho. 

Efficiency of a Feathering Float.— 

[jct the forward motion of ship = M. 

L^t the tangential velocity of float = t>. 

(Consider the float at any instant, when centre is at F, say (fig. 197). 

tJhoose velocity greater than « by an amount depending upon the 
slip. 

In some i)addles a, = v, that is, when the float is designed to pass through 
the top part of tlic circle. 

This makes ~ 2 ' 


The velocity of slip is (v - u), an assumption that was made in the 
treatment of paddle ctliciency by the other method. 


AVe also hax c 


UO_ M] sin sin a 
OF V - Wj cos 6 cos a 


Set off triangle of velocities F U BA = m, and F A -^ i< as shown, and is 
perpendicular to (.) F. Then F 11 is the plane of float. 

Let 0 be the jxaddle centre, and the anghx F 0 K - 0. 0 K is the vertical. 

Let 1’ anil <,) be the components of the resistance of the water to the 
motion of the float. 

I.et ^AF15 = a. 

Then the angle between P and AF produced is And the angle 

between P and W W produced is + a - where \V AV is the water surface, 

and is therefore the direction of ship’s motion. 

Let T —couqiouent of rosistauces in direction of motiou. 

Then Tit = useful work done. 


.'. Useful work " | 1 ~ ^ ' h) | 

Total work done == work done a„ainst resistances to tangential motion 
/ 

P 


Efficiency ■= 


^ P cos (^ - + (k* sin I V. 

I P cos (d + a-^^-Q sin ~ 2) } 

I l’tos^^-tt^ + Qsin(^?-a^ | v 


in the general ease. 

_ {]’sin (^+a) + Q cos (d + a)}« 

{P sin a + () cos a}'a 

(P sin 6 cos a + P cos sin o + Q cos 6 cos a - Q sin d sin «} 1 
{P sin B + Q cos a}r 
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Substituting the value given above for 


cos tt 


(I’sin 0{v-u^ cos^) + P cos Ou^ sin 6^ + (J cos 6{v - ■«, cos 6) - (Jsin sin 6}u 
{ P?(., sin S cos 6 ) ) v 

__ j t;!’ si n O + v ij cos S - Q «j}« 

{'«, P sin 0 - 'MjQ cos t) + (iej v • 

If «^ = r, then <1 = ^ - ^ 

( I. ^ /I • 1 

•j 1 CO.S - - ti! sin - I H, 

and £ “ - ^ 

•j P cos ^ + tj si\i I V 

Tliesc eases j ust cousidcrej 

. (]'cos & - (.) SMI f')>. aconO , „ 

Uadial h'.at £^'- -- = -, \vhen(j» = 0. 


First feathering float i 


/ i> 0 ■ 0 \ 

■! P cos- Q sin I a 


— , when () = 0 
I Pcos,^ + tisin||'ii " 


( 1 ) 


(2; 


■I P sin 0 + (i cos 6 - ti”' i ii-v 

General case c = —- - - when (,1 — 0 . (.3] 

I P sin 0 - Q 008 0 + (J ~ I Wj!' 

The velocity of slip in (l) = i;- a cos 6 

(2) - a - V. 

(3) = 'h, - «. 

Screw Propellers. --A screw propeller is an apparatus which by its 
rotation about a sl"aight line produces motion in the direction of that line 
The surface of an ordinai-y screw propeller blade is a helical surface. Its 
action in producing thrust can be seen by considering a small element of the 
(■•urfacc, which wo may consider as a small plane. Lot this element be 
sup])osed rigidly fi.vod to a rod perpendicular to the a.vis of I’otatioB. 
Suppose thjd the rod in (urning creates no resistance. The small plane will 
be obli(jup td this r.idiiis rod, and its effect when rotated round the axis ol 
the shaft will bo to tend to move the radius rod forward or backward 
(according to the direction of i«urningl along the shaft axis. 

Let us first examine the nature xif a helical surface. Consider an axis 
with a radius bar so attached to it thJt it can be moved along the axis whik 
rotating. If we impart to the radius a uniform angular .and at the same timt 
a uniform forward motion it wdll trace out a helical surface. < 

Pitch of a Helical Surface. —Let A'B, fig. 198, be the axis, and b the 
radius. Let C C bo position of the radius at one instant, and Cj C'j its 
position after a complete revolution. Then the pitch of the surface is t^c 
distance G Cj. Pitch, properly speaking, only refers to a unit area of surface. 



262 


THE DESIGN AND CONSTRUCTION OF SHIPS. 


Thus wc spoiik of tho J)ilch iit any point of the surface, meaning the pitch of 
the cleiiicnt of area at tlie point. 

If eitfier the angular or forward motions of the radius were independently 
accelerated, tho pitch woidd vary from point to point of the surface. The 
pitch at any pointi of a helical .surface is therefore defined to bo the length 
that the radius of tiic point would travel along the axis during one revolu¬ 
tion if its forward velocity and angul.ar velocity remained constant through 
that t'cvolution. 

Consideration of Leading Features of a Screw Propeller.— An 

ordinary screw propeller is usually m.ade up of or 4 blades, identically 
alike, and more or less conforming to a helical surface. They are united by 
moans of bolts, or are cast into what is called the boss, which can be keyed on 
to the driving shaft. There are various shapes of blades, but the modifications 
in sh.ape do not affect the <picstion of cfticicney very much. 

Figures 1!)!), 200, 201 show — 

(1) An ordinary four-bladed propeller, slow merchant ship. 

(2) Admir.alty bron/,c pi’ojadler, cruiser or battleship. 

(3) Small propeller, high speed, on turbine-driven shaft. 



A propeller is right-handed if, when viewed from aft, it turns in the 
direction of the hands of a watch and drives the vessel ahead. 

The “driving face” is the Jifter side, and it is this surface which is 
designed to produce the re(pnred speed. 

Tlio “hack,” of a blade is the other or forw.ird side, and its surface 
depends on tho thickness of material necessary to give the blade sufficient 
strength. 

The “leading edge of the blad'''”*is the edge thrt cuts the water first 
when the screw is turning ahead. 

, The “following edge” is the other edge of the blade. 

The “ disc circle ” is the circle swept out by the tips nr outermost parts 
of the blades. 

The “ disc area ” is the area of the disc circle. 

'I’hc “diameter” of the propeller is tho diameter of the disc circle. 

Tho “pitch” of the propeller as a whole is the linear distance that the 
propeller would travel per revolution it its driving face worked in a solid fixed 
nut of the same form of surface. 

, _ If pitch ” of a propeller is not uniform, an BTerage has to he taken. 
The pijapj^t a point we have alreiidy seen. 

Thii^ltch, if not mritorm, can vary in two ways — radially and 
aj^ially. \ 

\Ye find the variation in radial pitch by considering the variation of 
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pitch at differetit points of a radios. Wc can find the variation in axial 
pitch by considering the variation of pitch on a circumference of a circle 
drawn on the blade with the axis as centre. The intersection of a cylinder 
with the blade will give a line, the pitch of which from point to point may bo 
measured. 

The “ area ” of a blade refers to the developed area of the driving face of 
one blade, and is the “ heliooidal ” area. 

The “area or surface of a propeller” is the area of all the l^ades 
of it. 



The “projected ’ area is the projeotion of the heliooida' area on a plane 
perpendionliir to the axis. * 

The “ pitch ratio ” = 


Pitch 

Diameter 


The “diameter ratio” 


Diameter 

Pitcli 


d 

P 


We have seen in the case of a plane propeller that a certain s iip neces> 
sarily takes place in order to obtain the thrilst. In the same way, consider¬ 
ing the propeller and its forwai-d motion as a whole, its actual speed when 
driving a ship or when developing a thrust will be less than its speed if 
working in a solid fixed nut at the same rate of revolutions. 
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Fio. 200.—Bronze Propeller, Admiralty pattern. 










ELEMENTARY CONSIDERATION OF PROPULSION. 


265 


Let n — revolutions per second. 

}> — pitch of propeller in feet. 

V = speed of ship in ft. secs. = actual speed of propeller I'clatively to 
still water. 

Speed of propeller worked in a solid fixed nut = pn. 

Slip = pn - V. 

.Slip i-atio = 

pu 

?))»(!- slip ratio) = V. 



Fib. cOi.— SiiuU Ili/jli-.speed Pi^pellci' for Tarliiue Steamer. 


Efficiency of a Sniall Element of a Screw Erojwller .— Let the clement be*a 
small jilanJt^ixed to a radius which offers no resistance to tuminf;. Lot the 
angle of inclination of thejplano to the perpendicular transverse plane be 
Fig. 1102 gives a view of the plane element, the radius being perpendicular to the 
plane of the paper. This Angfe <ji is c illcd tly? pitch angle. Let the plane bo 
moving at the instant wit h velocity r, antilot the resulting motion of the shipbe«. 

Adopting the nomenclature of the case of the plane propeller in the 
preceding chapter, 

_ 1 P cos </> - Q sin <f> 1 w 
(1* sin ^ + Q cos 

since the direction of w is perpendicular to direction of v. We are here sfill 
considering the water rouiid the plane clement as being at rest. 
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Suppose wo roprosont the velocity v by a line A B (6g. 203), Then the 
velocity « of ship is ])erpciiclicular to AB. 

Let BC he drawn = u. Then AC represents the distance the elemental 
plane has actually travelled in a unit of time. The plane is, however, 
inclined to the transverse plane at an angle </>, the pitch angle. 

Draw A I) meeting B C prodtioed in i) siioli that angle DAB — <^. 



8 |V 


I 

Kic. 202. 

If now we suppose the propeller to ho working in a solid fixed nut it will 
follow the line, represented hy AD, hut being in water, where a certain 
amount of slip takes place, it will follow the line A C. 

C D therefore represents the velocity of slip that takes place. 


D 



Fic. 203. 


The angle D A (' is called the slip angle, and the angle (' A B is called the 
virtual pitch angle. 

Call D A C, 0 ; and call C A B, a. . 

Then (o. + e) = <i> 
and tan cji -- ® 

V 

, 11 
tan a — - * 

V 
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The element of the blade is moving in the <lirectioti A (! inclined to \ 1) 
at the angle 0. ’ 

Expression for ctlieiency bocoines, when in tlie above expression we 
write <j> = (a + 0) and *^ = tan o, 

V 


_ {1’ eos (ii + O) - sin (a + 6)] tan a 
1 ’ sin (a + d) + Q cos (a + 0) 

Theoretically, it appears from this equation that to increase c, all that is 
necessary is to decrease 6 or the Slip angle; but in doing so it will be 
necessary to run the jiropellor plane at a very much higher number of 
revolutions in order to get the forward speed «. 

The value of Q in relation to 1’ is dependent on the velocity, as we shall 
sec, and therefore a contrary element may come in, tending to reduce the 
efficiency as we decrease the slip. 

It becomes, therefore, a qucsti(>n of giving certain values to P and C,) in 
terms of the velocity V, and finding vhat relation of pitch and slip gives 
maximum cfli iency. 'I’he force s called the edgewise friction. This was 
the method adopted by the late Dr Fronde in determining the best pitch 
angle and slip angle for maximum etliciency, and the values he took for P and 
Q were based on the ^ blowing. 

If we have a small plane of area A moved obliquely through water at a 
speed V, at an angle of A to its lino of motion, the normal pressure 
P=pAV- sin A, and tlie edgewise or surface friction Q=/'AV2, where p and 
f are coefficients representing the jiressure and friction per unit urea of 
surface at unit velocity respectively. Mr P'roudo gave for A in square feet, V 
in feet per second, P and in lbs., 

p = 1'7 and/‘= -008. 

The residtaut speed of plane in this case through the water is represented 
by the line A C (fig. 20.H), which is v sec a and \ — 0. 


P —pAv~ sec- a sin 0, 
(,) = fAv- si'C- a. 


Q /■ 1 1 / /' 

. — = where /■ = ■- • 

P p sin 6 sm p 

Making these substitutions in the equation above for etliciency we have 


e = tan a 


sin 6 cos (a -I- d) - h- sin (a 6) 


sin 6 sin (o + 0) -t- /; cos (a -l- 6) 

Since 6 the slip .angle is seldom greater than 10°, we may take sin 6=^6 and 
cos d — 1. • • • ^ 


€ — tan a 


0 cos a-6^ sin»a - k sin a - k6 eos a 
6 sin a + 0- cos a -t- cos a - kd sin a 


_0(\ -k) - (0^ + k) tan a , 
ff(l - k) + {(F + k) cot a 

In this equation k is constant and the angles Q and a are variables. It ie 
necessary, therefore, to find what values of a and 6 will give maxirhum 
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‘fliciency To do this, if we find first what value of a gives maximum e when 
J is eoiistaiit, and second what value of 6 gives maximuin c when a is constant, 

,ve can then find (a + 6). 

Suppose 6 is the only variable, a is constant. 

0 for inaxiinuni efficiency. 

do 

h'roin this we get 0-- J/c- 

When a is the only variable, 

from =0 we get tan — m . r 
da »- + A 


So that tan a = ^1 + ^ ^‘)- 


Hut 


tan (a + 0) -- 


tail a + lai^ 

1 - tan a tan 6 


■Je- + l‘f - {0- + k) + 0 tan 0 _ 

"" e^n^i 6{ JiP + (ff- + - \&- + 

Putting 6= Jk, 

, ^ s/r + + tan 0 

tan(a+0)-—-- - fl\' 

(1 - tanfs/l+46(- + 26'tan6i) 

Again making an approximation, since 6 is a small angle, putting tan 6 — ^. 

taii(a + 0 )=p-y^'^.,^.y ;^,^-3 since .yi + 1 + very nearly, 

— 1 very nearly. 

0 + 61 = 45°. 

This is therefore the pitch angle that gives maximum efficiency. It will 

bo noted that (a+ 6) is independent of the value of/•. • • +i • 

The slip angle corresponding to_anglc 45° maximum efficiency is in tins 
case dependent upon k and cipials Jk. 

From the above we can therefoi'c say that if the slip angle is increased or 
decreased by a certain sm.all amount, the pitch angle has approximately to 
receive the same amount of increment or decrement to obtain maximum 

efficiency. . , ; , „ 

To prove this. Snp])ose now we are given a certain slip angle 0^ oilier 

than 6---- Jk which gives maximum efficiency and wo want to find a, so 
that the pitch angle a^ + 6^ may give a maximum effioioncy m the new condi¬ 
tion, i.e. suppose we want to find ^vliat change to make in a. W lien « is 
constant the value of a which gives maximum efficiency is given by 


tana = ,yi-h(d-hj) -(^ + J) 

Since 6= Jk 

tan a= J\ +Jk Jk 


(2) 
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(9 

Lot Oi = e where c is constant = 

from (1) tan a, = ,y/1 + ~ c) ‘ ' 

This equation (.3) gives us the new vahie for Oj wliioli must be associated 
witli the given value to give maximum efficiency. , 

If no great departure from is made in the given slip, c will he only 

a little grea'.er or loss than unity, end therefore ^c+may be regarded 

as equal to 2. Looking at equations (3) and (2), this means that praotio<.lly 
tan o and . •. a remain unaltered. 

Let slip angle for maximum e = when pitch angle = 45°, I'.e, 61, = Jk. 

Lot new slip iu gle bo 0. 

Let a = 4.o‘ - y. 


tan « = ^-. v is " .mail angle, 
1 + tan y 

Un a=J-^?''=l-2// + 2^/=. 

1 


But it has already heon proved that 

tan„=yi + ((J+i) -(e+A). 


l-2,v + 2.y2=l + — - 






K),! 


6 + - 



So that 
i.e. 

Expanding the binomial 


,/=i-i71-4X 
,v = i-ia-4)fV. 
y = 1 _ 1*1 _ ox - 2X‘i - 2X3^ etc.) 


= X + X^ + X3 + etc. 


y= ' » - 


e+ 




Substituting orig. values 


+ higher powers. 
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neglecting powers of 6 above 3 
wo get j/ = l(e + ^y 
Let 0 = 6,(l + /t). 

Then y = 4- - ^ + ^ + etc.^, substituting <1,(1 + h) for 6. 

But tt + 0 = 45° -y + 0 

a + e-=45° + e,(|A-^-etc.^ 

if the slip .-ingk' 6 is increased by a small ;uuount= then for 
maximum efficiency the pitch angle (a + 6) has to be iucreaserl by approximately 
the s,ame .amount, which proves the proposition. 

We have seen tan a = v/l + 4/- - 2 

, 1 

cot a = - -- 

Vi + 4/1-3 

= v^l +4/'+ 3 nearly, 
also f) = V/'. 

.Substituting these values for 6, tan a, and cot a, in the general expression 
for efficiency, viz. 

e= tan a ^ + !<) formula (see below), 

(ltantt + (6f^ + /-) ^ ” 

, ^fk - 2k tan a 1 - 3 VH’ tan u 

we ge(. f -- = - - 

•Jk + 3/- cot a 1+3 cot a 

_ _ 1-3 V* Vr+4l + 4/c 
1+3 V^-Vl+ 4/- + 4/- 

1 + 4/' — 3 V/v . 

j_ - - - — tiVTl'^ (l 

V]+4i:-+.3V^- 
e=l+8/-- 4 V/-(l + 2/-). 

Putting a value for k, Mr Froutle calculates ’0047 as a common value. 
V/'=-07. 

€ = 1-0:!76- ■38xl-()09l--7.5nearly. 
e='75 nearly. 

Tana- "CArly. ° 

The groate.st efficiency that can be obtained with the above value for h is 
abonif76 per cent; 

Fronde’s ecpiation to the efficiency is based on the assumption that the 
frictional force Q acts along the resultant of the plane’s motion A t!, and 
hence is inclined o instead of (a + 6) to transverse. 



ELEMENTARY CONSIDERATION OF PROPULSION. 


273 


Taking Q as acting along the plane, we get 

• _ 

1 - - 2 ijh tan a 

\ - h + 2 jlc cot a 

substituting 

1 + 34 + 2 V/!-Vl + a 

All the investigations wo bwe hithei'to considered in the question ol the 
efficiency of a small plane propeller involved the assumption that the particles 
of water in tno vicinity of the plane were at rest relatively to one another, 
so that we could thorohy give a definite value to the velocity of the water as 
it met th» plane, or, as it is called, the velocity of feed. Krom what we have 
seen regarding the efficiency of a small helical surface element, we can hardly 
make direct deductions for an actual propeller, or even for one blade, because 
the pitch might vary from point to point; and even if this were not the case, 
we could not say with cei'tainty what the action at any small element of the 
blade area would be, on account of tho fact of its only being a part of the 
whole blade, ind not isolated. \.as the case previously under consideration. 

The Standard of Efficiency of the Screw Propeller.— Trofessor J. B. 
Hondei-son of the ]t.><. Oollcffc, Urecnwioh, has recently proposed a theory 
respecting the actior' >( 1 ho screw propeller from the following considerations:— 

The propulsive ofi'cct on a body moving through a medium is due to tho 
projection of a stream of the medium in a sternward direction. In a perfect 
fluid this would set iip a stream-line motion which would form a closed kine¬ 
matic chain, and, providing there were no discontinuities in the stream lines, 
the nett thrust on the body would be nil. To produce a thrust we must have 
a discontinuity in the stream-line motion. Thus a jet propeller in a perfect 
fluid, with submerged inlet and outlet, would have no losses, and therefore its 
effieieucy would be unity ; but no thrust would be developed. Thus, in order 
to get thrust wo must necessarily have a certain waste of energy, since a dis¬ 
continuity of motion will ca\ise tho formation of eddies, which is a source of 
loss. Hence our efficiency must be loss th.an unity. As a standard of 
efficiency we can consider tho jot propeller, working in a perfect fluid, to have 
the greatest eflicieucy possible, and therefore this will be pur standard of 
eflieiency. Tn order to obtiiiu thrust, energy must be imparted to the jet: a 
portion of this must no lost. As we can have no eddy motion in a perfect 
fluid, wo must cause a discontinuity in t'je stream-line system Tiy discharging 
the jot above the surface of tho fluid. This will then represent our ideal 
propeller, which will develop thrust with a minimum wast of energy. Ijs 
efficiency may bo regarded as a standard, above which it is impossible to go 
in a propose.- working under the conditions of ordinary practice in a viscous 
fluid, and the oppression for this efficiency may be obtained as follows:— 

Lot V = speed "of advance of propeller. 

■a,, = speed of jet at outfet, relative to tho propeller, 
r, = speed of fluid at inlet, relative to the propeller. 

F — tho mass flux through tlie propeller. 

Then thrust = F((\,- 71 ,) 
useful power = F(7», - 7 j,)V. 
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Total power = fliuK of kinetic energy into the jot = Hence the 

efficiency is Kiveii by 

(«o-P,)V ^ 2V 
'v„+v'. 

Now (e„-V) is the nominal dip of the propeller ; it would be the actual 
slip if the fluid ahead of tlie propeller race were not accelerated so as to flow 
to meet the propelhu'. And (v„-v,) is the net mil slip. It wo call S„ and 

the nominal and actual slip ratios res)>oetively we have 

s„=’'»--X V=,.„(l-s„), 

2.>„ (I-S„) 1-S., 

?'„(2 - S„) ■ j _ .S„. 

This is therefore our ideal efficiency w’hich cannot be exceeded. To apply 
this conception to the ease of the screw' propeller we imagine the tube of a 
submerged jet propeller to become (|uitc short. 'I'lie stream-line system will 
then become what is known as a free vortex. The genoration of a free x'ortox 
would not, however, cause a thrust, which must therefore be due to the 
discontinuity caused in the wake. 

Thus the water ahead of the screw flows towards it in stream linns, bnt 
in passing through the screw it becomes accelerated and discontinuous with 
the surrounding fluid, and is projected sternwards as a jet. The main 
conclusions of this method of analysis of the phenomena of jiropulsion are ;— 

(1) A propeller forms the centre of a syslem of stream tid)cs, the con¬ 
figuration of which moves forward with the propeller. In a }ierfect fluid the 
system consumes no energy, but in a viscous flui<l the energj’ ixapnred for its 
maintenance is supplied by the projx'ller. 

(2) In a perfect fluid-and also in a viscous fluid, apart from the small 
thrust required to maintain the stream-lino syslem—thrust woidd be im¬ 
possible of attainment without a discontinuity in the stream-tube system, 
in a jet propeller this discontinuity occurs at the outlet, and in a screw 
propeller most probably in the wake beginning at the screw disc. 

(3) The acceleration of the fluid ^idicad of the propeller does not contribute 
to the thrust, but is brought about by a circulation of iiicrgy from the wake, 
as in a moying source and sink combination; hence all the energy in the 
wake as it leaves the propeller is not lost. The thrust produced ,by a screw 
propeller is due to an acceleration of the whole or part of t!.e fluid as it 
passes through the screw disc, the accelerated portion bi'ing discontinuous 
with the surrounding fluid, thus forming a jot.. 

(4) In the case of a screw propeller there must lie a flux of rotatioual 
momentum into the surrounding fluid equal to the torque. This rotational 
momentum is most probably confined to the immediate wake behind the 
forew, and the screw is continuously impai-ting rotational velocity to new 
flity, this rotational energy constituting one of the losses in the propeller. 
Since this rotational system, unlike the stream-tube system in the fore and 
ait direction, cannot move forward with the screw unchanged, the rotational 
raotipn is not cumulative. 


■2V 

And €= — = 

^’,1 + ’’, 
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PROPELLERS AND PROPELLER EFFICIENCY. 

!n oomiiif' to tlic question of tlie efficiency of a screw propeller driving a 
;hip, let us lirst of all e.xainine what ell'ect the ship has on the water 
mmediately behind it, as that is the place where it is found most convenient 
o have the pr&])eller. The efficiency of the combination of ship and propeller 
s determined, not by the screw " orkiug alone in still water against a resistance 
iqual to that of the ship for a certain s]iecd, but by the efficiency of the screw 
n conjunction with the hull, or working in the wake of the hull. Let us first 
jxamine thi^ conditions Ihut thus iulluenee the efficiency. 

Conditions of Wake. —When the hull is Jjassiug through the water the 
notion of the stream lines aft depend to a great extent on the form of the 
ifter-body. The particles of the water in the vicinity of the wake have an 
iiward velocity perpendicular to the line of motion of the ship. The 
oropeller has a forward velocity equal to that of ship. The result is, there- 
bre, that the [larticles of water meet the propeller in an oblique direction, or, 
vhioh is the same cH'cct, .as if the proixdlcr were working in still water, but 
Dlaced oblicpicly to its line of motion. The loss due to this cause is not very 
jonsiderable, but it becomes inqiortant in the question of “ vibration due to 
oropellers.” 

In a vi'ry blulT ship, bluft' at the stern, a certain amount of eddying takes 
place, the water at the stern being in a state of disturbance or eddy, but the 
particles possessing a certain forward velocity. . 

If the propeller were pl.accd in the eddy, and if we neglected any loss that 
night occur due to the turbulence of the water, the effect would bo th.at the 
propeller would develop a greater thrust for^tho same speed of ship. That is, 
the piopcller would be placed in a stream of water having a forward velocity 
relatively to still water, and thus would work with greater clfici ncy relatively 
to the still water. The pi-opoller thus g.ains a little of the lost energy which 
must have iSieu spent in creating the eddying wake. In fine forms there 
is practically no eddying wake of this description at all. 

Frictional Wake, -There, is another kind of wake caused by skin 
friction, which is more evidenced in the finer ferms. The effect of the skin 
Friction in imparting a certain forward velbcity to particles in the vicinity of 
the skin produces the resultant effect of a certain amount of friction.al wake 
at the stern, the particles having more or less a definite forward velocity 
relatively to still water. Those particles neirr the middle line will have the 
greatest velocity, and for this reason the wake will have more effect on a 
single screw than on a twin screw. This w.ako is also dependent to a great 
extent on the amount of skin friction, or on the character of the skin surfsvje. 

VOL. II. i73 18 
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These distiirbancos already noted are caused by the ship moving through 
the water, and effect a change in the efficiency o'f the propeller because of its 
position in tlie region of these disturbances. Tlicy can bo briefly noted as the 
itifluouce of the hull on tlie propeller, or change in efficiency due to wake. 
Further on, while considering this change in its relation to the nett efficiency 
of the liull and j)ropellor, it will be referred to as the “ w.ake factor.” 

Action of Propeller on Ship. —To understand clearly the action that a 
propeller if placed in the vicinity of the stern has upon the resistance of the 
ship, it will be better first to examine tiie action of tho propeller on the 
Bun-ounding water. Su])posc we have a propeller fixed on a horizontal shaft 
in water, this shaft being controlled so that it can be turned at any desired 
number of revolutions. Also suppose that wo can cause the whole body of 
water to flow past tho propeller at any desired speed, bet the propeller be loose 
on the shaft; then no matter what may be the speed of the water, the screw 
will turn without slip. 

If wc run the water at speed c, and the pitch of propeller beyi, 
then tho revs, for no slip = n= 

P 

Sup])ose now the propeller to be fixed to the shaft. The condition of no slip 
will be pn=r. Now increase the number of revolutions to iij, still keeping 
the speed v. There will now be a certain amount of sli]), viz. - r, and the 
propi'ller will develop a forward thrust. 

ft therefore requires this relation pn-^ greater than v before a forward 
thrust can bo develo])ed. The development of this thrust can be seen bettor 
by supposing r to be zero. Tn this case the propeller does not move 
relatively to the water, and the slip is jm - 0 = pn. 

As the propeller is turning round, the drivitjg face of each blade exerts a 
pressure on the water behind it and tho back face exerts a suction. The sum 
of the components of these resultant forces will equal the thrust of the blade. 
The resultant effect of the blade is to displace the writer behind it in a direction 
normal to tho surface, and immediately before the blade to draw the water 
after it. The excess of pressure on the driving face and the defect of jwossure 
on the back will dcpeml on the inertia of the water and the pressuio due to 
the head. What we have, then, as tho propeller turns, is that the water in 
the vicinity of the propeller must have a rotary motion, and at the same 
time a sternward motion. There must therefonr be a steady flow of water 
from the region in front of the propeller to that bchinu it. It is to be sup¬ 
posed that it will How in from a large area, and be gradually accelerated both 
in a rotary and sternward direction. (lonsider the water to have a certain 
speed -c, loss than pn there will be less slip, but there will CTitS. bo the same 
characteristics as above described in the motion of the w.ater to the propeller, 
though to a loss degree. 

Suppose this propeller wofking when the speed of water = V, the speed of 
ship (known), and at such a rate of revolutions N, which give a thrust p equal 
to the resistance of ship. Consider the propeller situated at tho stern of the 
ship. If driven at revolutions N, one might think that the resultant .speed 
uf ship should be V, since the Jjrojieller is developing a thrust p, the resistance 
of shij) at that speed, wake not being considered ; but in this condition we 
have to examine the tendency of tho propeller to draw water away from the 
hull; this will therefore cause a defect of pressure on the hull, and hence an ' 
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addition will bo made to the^ resistance of the ship, so that the propeller in 
order to drive the ship at the intended speed V will have to develop a 
proportionately greater thrust. 

The oftect of the change on the resistance of the ship due to the propeller 
is called the “Augment of Resistance.” This term is most commonly used 
when we refer to its effect on the resistance of the ship. 

E.\I)erimental data furnish proof that this ahange, which we can see^will 
depend to a great e.Ktent on the pitch of the pi-opeller, varies as the revolutions, 
and therefore as the thrust. It is therefore found more convenient, when wc 
arc relating i* to the thrust of the pupeller reejuired to drive the ship at 
speed V, to call it a “thrust deduction.” This was the term that was intni- 
duced by Mr Fronde in his work on the expcrimcntid methods of arriving -.t 
the best size of projiellcr to use for maximum efficicnej'. 

We have now e.vamined two factors that will affect the efficiency of a 
propeller working botiiud the hull, vi/. “ wake factor” and “ thrust deduction.” 

The first named inereasos the apparent efficiency of the serew. Also due 
to this factor there is sometimes noted in actual cases a negative slip, which 
is only .a]iparent howovci'. 

Let V - speed of .ship, 

c=forw.ard sp'-ai of wake, 

= pitch of ])roi)cller, 
n rate of r< volutions. 

The apparent slip is jm - V, and in some cases of full ship.s, with 
propellers of small slip, A' is observed to be greater than jni. I'liis may 
be the case. The s])oed of the propeller relatively to the water in wake 
is V - V, i.e. speed relatii'ely to the water in wdiich it works. 

The true slip is therefore = jm - (\' - v). 

Froude’s Experiments on Screw Propellers. —'I'he limit of 
application of the mathematical deductions as to the efficiency of a small 
element of a blade has been seen to bo reached when we begin to sum 
up the thrusts and turning* moments of separate elements of the blade, 
because we cannot say wdiat effect is produced on the factor je iir the eipiation 
P=jeA'idsinA wdien several blade elements are contiguous- to each other. 
To find the effect of this change of condition, Mr AV. Ifroside carried out it 
series of experiments in the Experimental Tliuk at Torepnay, and subsequently 
Mr It. E. Fronde carried out for the Admiralt}' in the Ilaslar 'I’auk another 
series of ('xperiments, with a view to obtaining a method of finding the ' 
efficiencies oj^ icrew propellers by means of model screws in conjunction with 
models of shij)s. The latter investigation was divided into two principal 
sections—(1) the efficiency of screws working by themselves in nndistnrbed 
water; and (2) the changff in 'efficiency duetto bringing the screw into 
conjunction with the hull. The.se two di^jsions arc termed “screw efficiency 
proper” and “hull efficiency” respectively. I’rcviously, at Torquay and 
Haslar, a fairly complete and accurate determination (in moded screws) of 
the characteristics of performance which arc common to all screws of 
ordinary pattern had been made, and .some ideas were obtained of the 
variations of otticiencios due to alterations of design. The method of ex¬ 
perimenting was as follows;—The model screws on which the experiments* 
were made were each mounted on the forward end of a shaft, the beariifgs 



276 


THE DESIGN AND CONSTRUCTION OF SHIPS, 


of which were bracketed down from ii frame .above the wabm-level. The 
shaft was driven by a geared vertical spindle, the top bearing of wliieh was 
in the above water-frame. This frame was rnomitcd on a delicate parallel 
motion free only to move fore and aft wise. This motion, which consists of 
the forward thrust of the screw minus the resistance of the mechanism in 
the water, was measured autoiniitically by r(;eonling the extension of a spiral 
spring. The whoh; apparatus was mounted on a truck running on a straight 
and level railway which extended throughout the length of the oxj)erimental 
tank. Any speed eoulil be assigned to the screw or truck. VVhen twin 
screws were u.sed, each screw had a se))arate frame mounted in its position 
on the same ])arallcl motion. The resistances of the mechanism in itself 
and through (he water were eliminated as far as possible from the recorded 
results. A somewhat similar truck running oi\ the same railway was used 
for experimenting on the resistance of modeks, the model being for this 
purpose attached underneath it. lly joining the two ti'ucks the model may 
either bo attached in its place or omitted, and the sc.rew experiments made 
either behind the model or in undisturbed water. The model can also be 
run with or without the screw behind it. Fig. 130 shows the screw truck. 

TIk! screw truck records for each sertnv the thrust, speed, turning 
moment, and revolutions per minute, and, when the experiments are made 
without the .ship model in front, the screw eflieiency is determinable. When 
the model is run alone, the amount of energy necessary to overconimthe 
resistance of the model at a certain speed is determinable. If 
trucks be run with (.he screw in combination with the hull, the modpK^^TC 
in (I) resistance of (he model c.aused by the pre.seucc of the screw, and (2) in 
elllciency of screw caused by the presence of the model, are determinable. 
The first of these two has been called the “ aiigmentationof resistance, and 
is of necessity a loss of elticioncy. 'I’he second is due to the fact that the 
screw is woi’king in water which has been disturbed by the ])as.sago of the 
moded through it, so that generally a less amount of driving power is 
required to m.aintaiu a given thrust at a given speed behind the model than 
in undisturbed water. “The cause of this reduction of pow'cr is the forward 
motion of (he wake w.ater in which the screw is working, and the nett 
odlciemy of the screw in this disturbed watiu' is practically i<lentical with 
that H'hirli moiilil he. In! a mere uniform /orimnl current, the I'orwaixl 

speed of which, and the .saving in driving ))ower due '■o which, may be 
measured.” 

Efficiency of Screw in Undisturbed Water.— To deterndue the 
screw ellicicney in undisturbed water, a series of c.xpcrimcnts upon any 
given screw' is made, w'ithout the model in front, at a constant sjjecd of 
advance, but at a varying nuitdier of revolutions per minuT),(iranging from 
that which gives almost no thrust to about <louble that nundter. These 
correspond to from no slip to 50 per cent. slip. The records of turning 
moment and thrust for one speed of advance can be Shown as in fig. 204. 

h'fii 40110 ' - '^'**''‘***^ ^ travel jicr rev. _ Thrust 

Turning moment x 2ir 27r 

, T. M.x. —i— 

travel per ri'V. 

If we multiply all turning-moment ordinates by-- -- we 

travel jier rev. r 

git a curve which lua}’ be called “turning force” measured at radius = , 
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tr^el por rev. Hio^riitio of thrust to this force gives tlie eltieieiicy 

ordinate. Tlic thrust and turning-force curves are sliglitly conciive up\Mir(l.s, 
but do not become oven appro.ximately tangential to the base liiu'. 'I'lie 
ordinates of the ettLcieiu^y curve, must be zero whore the thrust is zero, and, 
like the thrust curve, the efficiency curve intersects the base at an .angle. It 
rises steeply and uniformly as the rotary speed increases, sominrhat suddenly 
reaching a maximuu , from which it slowly falls off. It will be seen lhakthe 
point of actual maximum efficiency is rather vague, and it follows that a given 
screw, advauc’.ng through the water at a given speed, is almost equally 
efficient within a sonu what large range of thrust values. 

Other diagrams can be obtained for any other s])eed of advance requiivd, 
but this is nut necessa'y, as there is a theoretical law of compai'ison for 
screws similar to that hr models which expresses the relation between such 
curves for di(ro’'eii>, spec Is of advance, which is tolerably correct for the 
largest differences of speed, and is practically accurate for small differences. 



On a iliagram for a, givsn speed of advance V take one value of R 
( = revs, pier minute) giving a thrust T and a turning force F., Suppose the 
speed of advance be changed to Vj. If the revolutions R be altered in the 

.same proportion as th" spiced has been and become l!,=R y’, then the travel 

pier revolution remains the .same, so does the slipi ratio, and so do the angles 
at which the different pmrts of the blade out the water. Tnc speeds in the. 
different pia»'s of the stream line system will all be changed in the same ratio 
as the linear speed ot advance, and the directions of all the forces acting on 
allp,artsof the blades, wdiether due to friction or to pressure, will be unaltered, 
and their mai/nitwle nill ht (lifcelli/ proportional to the si/iiare of the linear 
speed of advance. , 

In changing V into Vj the original thrust and turning force are each 


Qultipilied by , 


so that the efficiency, which is thrust divided by turning. 


force, remains unaltered at corresponding revolutions, which are in the ratio 
The travel per revolution and slin ratio are unaltered. 
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I'ig. 205 illustratc8 the relations between the diagrams severally expressing 
the jierformanccs of a given screw at diftbrent speeds. 

A, hij is th(! thrust curve, ee, r, the turning-force curve, and bh.dd, the 
efficiency curve for a s])eed of advance of V,. To obtain the re8i)eotive 
curves for a speed of advance Vj we must alter the abscissic scales of 
revolution directly as the speeds of advance, the ordinate .scales of thrust and 
turning foi’<'c directly as the sipuire of the speed, while the ordinates of the 
cflieiiiney curves will remain unaltered. 

Take any points 11,, (1,, I), on the thrust-curve A, Ej .’or a speed of advance 
of V,, and corresj)onding points c,, d, on the corresponding turning-force 
curve at certain rotary speeds. Take points at the "corresponding revolu¬ 
tions ” to these in the thi'ust and turning-force curves of the other speed of 

advance that is, at revolutions l!,,y?, as shown at If,, C„, 1), and h,, <■„ d.^. 
Pass through the points li,, 1>„, etc., also h„ it,, etc., parabolas, with their 


origin at the zero of revolutions, their ordinates varying as , V, having 
diH'crent successive values. 


We can see from this construction that any number of additional thrust 
curves can be drawn for a series of values of the speed of advance. Any 
number of jiarabolas can be drawn .similar to If,, li.„ Bj, etc., and the successive 
intersections of any one of thc.sa iiarabolas with the individual thrust curves 
will be points of corresponding revolutions per minute, and will have, the 
same travel jier revolution, the same, slip ratio, and the .same efficiency. 
Each parabola will have assigned to it its approjiriate efficiency value, 
so that a unijU ciirm in addition to tlie thruat enrres and pant 

Mas is sufficient without any turning-force curves to enable us to show, 
for any given screw within the limits of pitch ratio l-o to 2-2, its 
complete performances at any .speed whatever. AVhat has been shown 
and proved above refers to one particular screw. We can establish 
another law which enables us to express the relations between the per- 
fornwuces of similar screws of different absolute dimeusiems. This law is 
that “at the corresponding revolutions the efficiency is constant, the thrusts 
and turning forces being for a given linear speed proiiortional to the square 
ol the dimensions.’’ Hence, from one thrust and one efficiency curve 
for a given screw wo can find the turning force, thrust, and efficiency of 
any similar screw of modified dimensions for all speoas of advance and 
revolution. ' . 


Efficiency of Screw behind Ship Model.— We shall now show that 
there is a gam in the efficiency of the screw when working behind a model 
in a wake which is tiaNclling at a speed relatively to the siirrbiniding water 
of V feet per ininute. 'I'lie speed of the model through the water is V. 
.Suppose that its .speed through the wake water it\. which the screw acts 
to be V|, so that the forward speed of the wake water relatively to the 
model is V —\j=r), it follows thitt the screw will be working under the 
same conditions as when working in undisturbed water at speed V.. As the 
revolutions remain unchanged the thrust will be the same as in undisturbed 
water at Vj, and so will the turning moment. The advance per revolution 
will be greater in the case of the screw working behind the model in the ratio 
of V to V], and the turning force as a measure of efficiency will necessarily be 
lesij in the same ratio, and the efficiency of the screw working behind the 
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model wliiuli is , will also be greater than when working in mi- 

turning force* ® 



Hence, it we find that with a model at speed V we get a certain thrust 
for certain revolutions with the screw working behind, and that we get the 
same thrust for the same revolutions in still water at speed Vj, we know thSlt 


Fio. 206. 
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the speed of the wake must be V - V,, and tliat tlio (dticicney of tlio .screw 
when working behind tlio model must bo its efficiency in still water multiplied 


by y ; so that to find the speed of the wake wo have to get a comparison 


between the thrust curves given in still water and those taken behind the 


model. 


Character of Wake. —-So far, in our consideration of the wake, we 
have taken it as being a uniform homogeneous forward moving current, 
find, in its lesnltant action, we may take'this as being correct, and infer 
from this that the turning moment behind the model will be the same as 
in still water, and th.at the turning force will therefore be less in the 
ratio that V( is to V. Now, from the comparison of records of turning 
moment m;wle in conjunction with the hull and the records of the Sfime in 
still water, it has been found that there is very little difierence between 
them, and that, in fact, the turbulence of the wake lends to incre.ase rather 
than diminish the efficiency of the screw, so that we are justified in our 
assumjitiou regarding the wake. Hence, what we have to do now in order 
to find the hull efficiency is to got (1) the resistances of the model with 
and without the screw, which gives us the loss by “ .augmentation ” of resist¬ 
ance ; and (2) thrusts of the .screw with and without model, which give us 
the gain in efficiency due to wake. Those two results give us the value 
of the elements “augmentation” and “wake,” which together form hull 
efficiency ; fuiy other information reipiircd for the total proimlsivc efficiency 
can be got from experiments with the screws alone. 

Fig. 201) given below is typical of all other such ; it shows the results 
for a comjilete set of experiments for ascertaining the augmentation and 
wake values for a single model with its screw at a constant speed V. The 
figure cmhodies the three essential experiments—(1) model without screw, 
(2) model and screw together, (3) screw alone. 

As the experiment has been tried in order to find the augmentation and 
wake for a piirticidar speed of model, it is imperative that tlic experiments 
involving the model should bo made at that speed, but with the screw it is 
diflbront, fis it is not necessary that it should be run fit any exact speed, 
but it is desirable that the speed of the screw should bn sufficiently nearly 
eijual 10 V, to enable the thrust curve for speed V, to be inferred by the 
law giving the relations between the thrust curves of the same screw at 
different speeds. 

Results of Ship Model and Screw in Combination. —Let us look 
at a few of the features of the curves as shown in fig. 206. ff'ake first the 
results of the model and screw in combination. Here wo have a curve of 


thrust of screw, and a curve of resistance of model corresponding., It will be 
seen that as the thrust increases so also does the augmented resistance, show¬ 
ing that the augmentation is not due to the position of the screw, but to the 
amount of thrust produced, the suction exorte'd in front of the blades having 
as its reaction the sternward ejectment of water which produces the thrust. 
As the augmentation is distinctly a loss of thrust from the total thrust 
generated, it is better, instead of using “augmentation of resistance,” to 
use “thrust deduction,” as this term much more correctly expresses the state 
of affairs. 

tke amount of thrust deduction is not exactly proportional to the thrust, 
but may be supposed to consist of two terms, one proportional to the thrust 
and the other a constant, this constant being the v^alue for the thrust 
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deduction when the thrust is zero, and is accounted for by tiie non-uniformity 
of the speed over any cross section of the water operated on l)y the screw. 

Consider now the thrust curves of the screw witli and without model, 
i hose curves will coincide more or less closely according as the speed of the 
experiments without the model (LI) approximates to V,, i.e. the speed of the 



model minus the speed of the wake. ^ When the curves coincide, it follows 
that LI = V, and the wake factor of efficiency becomes If the curves do not 

coincide we must then determine the value of V, by cjlculation from the 
Known LJ. Ihis IS done as follows:— • 

In the thrrist curve behind the model take a point A (fig. 200) correspond¬ 
ing to revolutions R per minutethrough this point describe a parabola with 
Its origin at the zero of i-evolutions, and eontinued so as to cut the cunve of 













282 


THE DESIGN AND CONSTRUCTION OF SHIPS. 


tlirust without model at the point B which corresponds to, say, Ilj revolutions 

per minute. Then V. = u''' and the wake factor is We want the 

hi UK 

thrust at V, and the K witliout model. Wo can only got the thrust at 
correspoixling revolutions, so tlio thrust at Vj without model and thrust at V 
w'lth model at the same revolutions arc re(piired. Hence the corresponding 

velocity to V at llj is V, at K, and the wake factor is ^ . Since the wake is 

caused by the passage of the model, there does not seem to bo any reason why 
the wake should not be the same for all revolutions of the screw, or why the 
thrust curves with and without the model should not cither coincide exactly, or 
if not at all, that the revolutions at any point i) should have the same i)roportion 
to the revolutions at tlie corresponding |)oint C as the revolutions at ]i have 
to the revolutions at A. This is, however, not the case, and the cause seems 
to be the iion-uniform velocity of the water across any cross section of wake. 
The values thus obtained for “wake” and “ thrust deduction ” nuiy now bo 
plotted at the correct positions relatively to the revolutions, and curves 
drawn. 

On fig. 2()() are also shown curves of “turning force” of screw with and 
without model. 'I’hesc are put on not because they are of any actual use in 
the determination of the efficiency (as shown before), but because they act as 
a check on our assumption that we may take the wake to be of uniform 
velocity throughout. Tor a method of obtaining the turning force, suppose 
V is not eipial to T, then the first thing to be done is to infer from tbe thrust 
and turning-force, curves without model at speed IT the turning forces corre¬ 
sponding in still water at a speed V, to the thrust recorded behind the model. 
We proceed thus: -At the revolutions for the ])oint A in the thrust curve 
behind model w<' Know the still-water efficiency for a speed V to bo ocjual to 
the efficiency at the point B in the thrust curve without the model at speed 
U. Hence the still-water turning forces will individually bear the same 
ratios to the thrusts A, 0, K, etc., as the ordinates f>, etc., of the turning 
force withoiit the model do to the thrusts 11, I), F, etc. In this wav 
we obtain the ordinates a, c, e, etc., forming a new curve ace of still-water 
turning force, which corresponds to the thrust behind the model, and the 
ratio of the ordinates of this curve to the ordinates of the actual curve of 
turning force behind the model should be equal to the valr.e of the wake 
Factor as deduced from the curves of thrust. This does not always come 
jxact, by an amount varying from <) to 2 per cent., dim, luost likely, to the 
lause before stated, h'or further information on the subject of the inter- 
istiou between the ship and screw', the reader is referred to the paper by 
IV. J. Luke in the Trans. I.K.A., 1910. ; 



CHAPTER XIX. 


PRACTICAL APPLICATION OF EXPERIMENTAL 
MODEL RESULTS. 

\Vk may now consider 'vtmt, if of tlio forogoiu}' we can make use of 
in practical work, hi considorinif t)r> .'.Npcrinients in connection with models, 
wc arc concc 'iiod only with llic " hull otlioiency,” or, as has been shown, with 
“ wake” and “thrust deduction” factors of eilicieney, and we have seen that 
these latter differ somewhat at 'hU'creiit jiarts of the curve, as shown in fig. 20(1. 
The diagram at the jiouit where the thrust curve with model intersects the 
curve of augmented resistance shows what the conditions would be if the 
mode] were self-nropelled. At the higher values tlie conditions are 
examples of what would lie the case in a self propelled miKlel against a head 
wind, or, say, towing another model. Mow look more closely into the condi¬ 
tions of affairs on the ship under the first c.ircumstances. AYe must remember 
that before aiiplyiiig the law of comjiarison of resistances of ships and models 
we must take into account a skin correction which is due to the les.sened 
friction on the wetted surface of the shiji as couniared with the friction of the 
surface of the model. Hence this condition of thrust cipial to augmented 
resistance in the model corresponds to the condition of the ship with 
a very foul skin. l''or comparison with a ship in her condition of a clean 
shell we must use the thrust cipial to the resistance as corrected for skin 
friction, but even this is not all, as the wake depends on the friction of the 
model in its passage through the water, and this friction is "ery much more 
excessive in the case of models than w'th the actual ships, and it is only 
possible by aiiothei .series of experiment.s to detormiue the laws of the effect 
of this variation in friction iipiui the amount of wake, and also to what extent 
such variation affects the “thrust deduction.” Again, wc i.ave to take into 
account^ similar ec'rrcetion to “skin correction” in models in the case of 
model screws. Hut assume that we arc able to supply all or nearly all these 
corrections, then the problem most commonly put before us is such a one as 
this: A design of vessel i> required to fulfil certain conditions. Experi¬ 
ments are thereupon made with models to determine the form that is best 
suited to the particular requirements. * These results only give us the resist¬ 
ance of the model. But we can proceed to find the effect of any particular 
screw on the model, i.e. wc wish to try to find as nearly as possible its 
propulsive efficiency. However, the value mf this factor will greatly depend 
on the design of the screw, which is not always known definitely when the 
models are being tried. So it happens that the experiments should determine 
the propulsive efficiencies of the designs with whatever screw may tujn out 
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to be tlie most suital)lc for oacb. They should also dclcniiiiie the design of 
the most suitable sw’ew. 

Now it is [)ossible by moans of the treatment of the proposition, as 
indicated in those pages, and with the aid of a few general proliminar’y 
experiments, to obtain the desired information sufficiently closely for all 
practical pui'])oses from a single set of experiments in connection with each 
model screw at one speed, and to tabulate the rcsnlts as shown in fig. 206. 
When it is said that one single set of experiments will give us all the data 
required, it is taken for granted that we are able by means of calculation 
alone to determine the efficiency of a screw of any given design, jiroportions, 
and dimensions, etc., when maintaining a given thrust at a given linear speed 
of advance through the water. The ratio of pitch to diameter, the number 
and width of blades are the main features of a pi-opeller on which the screw 
etlicicncy depends : and w hen wo take into consideration that in practical work 
we do not have to deal with screws of more than four blades, or less th.an tw'o, 
and that the variation in range of pitch ratio and proportionate width of 
blades is not large, we see that it will not rcipiirc a great number of experi¬ 
ments on screws to g(!t sufliciont knowledge for practical use. AVe ought 
also to have some idea of how the hull efficiency is allected by (1) variations 
in speed ; (2) the design and the position, relatively to the bull, of the screws, 
before wo can make use of oirr data with coutidcucc. The general oonclnsious 
of the investigations on hull etticiency arc as follows 

“(1) The variation of the elements of hull efficiency with variation in 
spceit is generally slight, and so far regular in its character that 
in most cases experiments on a model at about the speed corre¬ 
sponding to the intended working speed of the ship will be 
sufficient for practic.al purposes. 

“ (2) Vai-ialion of number of blades or pitch ratio of screw does not 
practically allcct the values of hull efficiency elements. 

“ (2) On the othei' hand, variation of diameter of screw, or of its position in 
reference to the hull, does aft'oet these values, and in a manner which 
we have not thus far been able satisfactorily to reduce to rule.” 

Propulsive Efficiency. • The manner of setting about the determina¬ 
tion of the pi-ohable jn-opiilsive efficiency for any intended design of hull is 
as follows. 

Suppose the diameter and position of screw to be fixed by circumstances 
connected with the design of the ship. One sot of experiments must be 
made upon the model with any screw of the correct diameter and in the 
correct position. We shall thus be able to determine the wake and thrust 
deduction factors which jointly form the hull cDicicnoy. liy the aid of data 
on screw efficiency, the design of screw is selected which will give with a 
maximum efficiency the required thrust at a linear speed of advance equal to 
the intended speed of ship minus speed of wrke. This will be the most 
suitiible design of screw, and the product of its still-water efficiency under 
those conditions into the wake and thrust deduction factors will give the 
total efficiency. 

, To investigate the other factor which, with hidl efficiency, forms the 
total factor of propulsive eflicienoy, namely, screw efficiency; first let us 
make a sort of resume of our method of experiment and any assumptions 
wo have made. Consider the case of a ship being propelled by a screw 
at a speed V, the ship’s nett resistance at this speed is, say, P. Let the 
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screw be working with revolutions 11 per minute and delivering a thrust 
T; this value of T is greater than 1’ hy the value of the thrust deduction. 
The power delivered to the screw which enables it to produce the thrust 
T is loss than the I.II.l’. of the engines as recorded hy the cards, by an 
amount which is absorbed in overcoming tlio friction in tlio cylinders, 
bearings, and shafts. Tiiis amount of loss may, at fidl speed, be taken as 
a constant of ])ercentage of the total l.H.l’. As we are not to treat so 
much with the actual efficiency as with the difibrencos in efficiency -saused 
by the variations of propcllcri, *iud propelling conditions wo may, to simplify 
matters, rcc’.ou that the power delivered to the screw is the i.lI.P. as 
generated at tlio cylinders. The nett total efficiency is expressed as the 
product of the nett resistance V into the speed V, i.e. TV, or E.Tl.l’. 
divided by the total power consumed, i.e. l.ll.F'. Hence the propulsive 
. . E H 1’ - 

coefficient = j • * ionsider now that the ship in front of the propeller has 

as an agent for producing wake ceased to exist, or, in other words, suppose 
we have a phantom ship. This pi.antom sliip is to be capable of resisting 
the thrust as supplied by the screw ’ ut, on tlic other h.and, it (lasses through 
the water without causing any disturbance. The speed V .and revolutions 11 
of the screw .are su])])osed to remain unaltered. Now, as we have seen earlier 
in this chapter, the tl>’'ust e.xi rted by the screw in the phantom ship will be 
less than T, supposing, of course, it to be working at revolutions 11. Wo 
could by increasing the revolutions raise the thrust until it was of the same 
magnitude as in the real ship, but we could not then consider that the condi¬ 
tions were the same as exerted in propelling the actual ship. W’e have, 
however, another method of increasing the value of the thrust and at the 
same time keeping the revolutions per minute unaltered, namely, by decreasing 
the s])eed of the advance to some speed V, at which the screw exerts a thrust 
T at it revolutions. Thus we have the screw propelling the phantom ship 
and working in undistiu'bed water at the s[)ee<l Vj, corresponding in its 
conditions of working to the same screw propelling the real ship at a speed V 
and exerting the same thrust at the same number of revolutions. If the 
wake oiierati'd on by the screw were of uniform forward speed throughout its 
section we should have no.reason to doubt that the 1.11.1’. driving the screw 
and maintaining the thrust T in undisturbed water at a speed V, would not 
be the same as tha., driving the screw and maintaining a Hii' st T behind the 
actual ship at a speed \’. From extiorimcnts it has been found that these 
thrusts do differ, but so little that we^may ti'eal the l.H.l’. of the screw 
propelling the phaiifom sliip and exerting a thrust T at R revolutions per 
minute at a speed V, as being identical with the I.H.i . exerted by ^le 
same soi^w on the actual ship working at the same number of revolutions, 
but at a speed V. The efficiency of the screw driving our phantom ship may 
be deduced as follows: The speed is V, and the resistance is equal to the 
thrust T, therefore Ahe E.liff’. of the phantom ship is TV,, which wc will 
call T.H.I’. ; so th.at the efficiency of the ^crew working under conditions 

• . . T 11 r 

corresponding to those of the same screw jiropelling the actual ship is j - 
The efficiency of this screw in propclliiii^ the real sliiif is -y ^ p’l therefore 


the coefficient of “hull efficiency” is 


E.H.l’. 

1 , 11 . 1 ’. 


T.H.T. 

Tll.l’. 


E.H.l’. . . 

T.lTi’- 
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PV 

E.H.J’. = PV, and T.lf.P. = TV,, so hull efficiency = , wliicli may l)e written 

’ 1 

1> V 

as X . Tin’s pves us the hull efficiency divided up into two factors, the 
^ ' 1 

P . V 

first of which repi'csents tlic! thrust deduction factor, and the other —- the 

^ 'T 

wake factor. 

LSiws of Comparison between Different Size Screws. —To deal 
more in detail with the effect of chanp;c of dimensions and of proportions 
in screws on the factor of screw efficiency. A long series of experiments 



Fm. 207. 

( 

oil model screws of dilf'erent pitch ratios has laen conducted, and the 
results are shown diagrammatically on fig. 'J07. 'J'his diagram, as will 
he seen later, can ho juit into what is jicrhaps a form more suitable for 
practical use. An explanation of lig. 'J07 rei[uires some preliminary state¬ 
ments, which can bo jmt most conveniently in tlto form o/ propositions. 

“(i) The ])erformaucc of any'given screw advancing at any given speed 
through the water and turning at variolis numbers of revolutions per minute 
(/.«. working at various slip ratios) may be n^presented by a diagram such as 
fig 20iS, where the abscissa; values are those of slip ratio, the ordinates of curve 
li (! the corresponding thrust, and those of XA the corresponding ellieiencies. 

“ (ii) With given slip ratio, the thrust of a given screw varies as the square 
of the speed of advance through the water. 

“ (iii) With given slip ratio and gix'on speed of advance, with given design 
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of screw and varying size, the thrust varies as the square of the dimension 
of the screw. 

“ (iv) With given slip ratio and given design of screw, the etficicnoy is 
unaffected by variations of speed or of size of screw. 

“ (v) Consecpieutly a single diagram, such as that in fig. 208, will represent 
the performance of any number of screws of a given design, but of differing 
sizes, advancing at any different variety of speeds through the water, if the 
ordinates of the thrust curve are taken to represent, not thrust simply, but 

values of the expression ..'where T= thrust, 1) = diameter of screw, and 
tl"V 

V, — speed of advance through the water,” 

Thus we see that a single diagram such as fig. 208 roprescTits for any 
variety of conditions the performances of any number of screws of any size, 
but of uniform design. Thu only differences of design with which we shall 
at first deal are t-..o in number, namely, (1) difl'ercucos in number of blades, 
and (2) differences in pitch ratio within the limits of ]'2 to 2'2. 



Fio. 208, 

Effect of Number of Blades and Pitch Ratio on Efficiency.- 

With reference to the difterenccs in number of bhnles, it has been found 
from a series of experiments on model screws that the respective thrusts of 
screws of four, three, and two blades, of the same diameter, of the same 
pitch ratio, with the same d.^sigu of blade, and working at die same slip ratio, 
arc jiroportional te one another as the values 1, 'SO.'), ■(>.5. Trom those 
figures it will be iiot'''ed that wil.h corfctaiit slip ratio tlie thrust per blade 
decreases somew hat with increase of number of blades; in rlie meantime we 
shall treat the effeli iicy as independent of the number of blades. Again, 
coiisider^he effoct of difierences in pitch ratio. We have found from the 
experiments carried out on screws of various pitch ratios that it all the 
results arc brought together^on a common base of slip ratio wc should get 
a combined diagram ^nch as hg. 2011. Hj, and Bj arc the thrust curves of 
a series of screws with Micccssively incteasing pitch ratios; A,, A„, and iVj the 
corresponding eflicieiiey curves. 'The relations between the several curves on 
.such a diagram may be jierhaps best explained hy saying that the individual 
thrust and the individual oflicieney curve^i are (approximately) replicas of 
each other on different abscissse scales, the differences in the abscissa scale of 
the thrust curves being greater than those for the eflioiency curves. It 
should be particularly noticed that this statement implies that ther? is 
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practically no diffcroncc in maximum efficiency between screws of different 
pitch ratios; and one proof of this is that over so large a range of pitch 
ratios with which these experiments were conducted, viz. from 1'2 to 2'2, 
there is so little, if ind(!ed any, difference in maximum efficiency. We can 
therefore consider that, for practical purposes, the maximum efficiency is 
unaffected by pitch ratio varying, at any rate, from 1'2 to 2'2. We have just 
seen that, so far as efficiency is concerned, no particular pitch ratio (within 
this vjuige) is much to be prefeiTcd before another, and we know that in 
practice each different class of ships requires a different pitch ratio in order to 
suit the revolutions per minute to the l.H.P. of engines. Besides this, since 
in any given ship or class of ships the revolutions per minute may be regarded 
as fixed, any variation in diameter necessitates an accompanying change in 
pitch ratio. So, in calculating the dimensions of screws, we have to remember 
that the pitch and the diameter of the screw are so interdependent that it is 
impossible to determine the one without the other. As a first stage in the 



determination of the most suitable dimensions for a screw, let us suppose all 
screws to have one and the same pitch ratio, and that for such an invariable 
pitch ratio we have a diagram, tig. 208, cari.'fully iircparcsl. The efficiency is 
then designated directly by the slqi ratio, and each degree of slip ratio 

corresponds to a certain value of ■''■s indicated by the thrust curve; 

J)-\ 

t' en, to determine the diameter of screw to suit any given values of T and Vj, 

T 

all we have to do is to find the value for I) which givesYhe value 

which corresponds to the slip ratio for maximum efficiency. Should this 
diameter not suit, on account of its impracticable or inconvenient size, we are 
able to judge from our curve of ottioicucy by how much wo are warranted in 

T 

decreasing D, and so increasing ond slip ratio, without making an un¬ 

justifiable sacrifice ‘of efficiency. ,Now, if it woi'c not that such a comjiromise 
were often needed, or if it were that the curve of efficiency were more marked 
at the point of maximum efficiency, and thereby more strictly limited the 
ratige within which there is nearly equal efficiency, it would be sufficient if we 
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T 

specified once and for all the slip ratio and the value of ,. 5^2 which corre- 

1-'" * 1 

spends to inaxiinnni efficiency. But what we have to do is really j ust to keep 
in mind the form of the efiicioncy curve, and to have moans of finding the 
position on its abscissic scale which is appropriate to any proposed dimensions 
of screw and values of thrust and speed. This position in the ahscissic scale 
of the efficiency curve is really a mark of the standing of the screw with 
reference to efficiency ; and in our hypothetical case of invariable pitch ititio 
the criterion of this abscissa' posil'iou is given by the value of the slip ratio, or 
T 

by the value of ,^., 17 ^,. It is obvious irom a (jonsidoratiou of fig. 209 that 
1)-V i' 

neither of these characteristics will be of use as a common criterion of 
abscissic value position in reference to the efficiency curve for screws of 
difl'erent pitch ratios, nor have we any other natural characteristic which 
would serve thi 1 purpose. In consequence, then, of this state of att'airs, we 
can do nothing but introduce an artificial one, and this has been done by 



empirically modifying the several abscissic scales of the diagram for the 
successive pitch ratios of screw, as in fig. 209, so as to bring 'these several 
efficiency curves into coincidence, as shown in fig. 210 . 

Method of Plotting Model Screw Results. -The reading on the 
arbitrary abscissic scab- to which the curves arc plotted, which shows tor 
screws of different pitch ratios the position relatively to tin abscissie scale 
of the efficiency curve, is called the a.l>scksa> value. The dotted lines' 
indicate decrees of slip ratio. The function of these curves is to specify the 
slip ratio proper to the points at which they intersect the thrust curves 
for the several pitch ratio values, and they thus enable the revolutions per 
minute proper to these points of intersection tc.be determined for any given 
diameter and speed of advance of screw.* Now suppose we have a diagram 
such as fig. 210 , that this diagram has been obtained with sufficient care and 
accuracy, and that it includes curves of sufficiently close gradations 11 pitch, 
ratio, then we see that from this diagram we.*au obtain all* the infornration 
necessary to determine for any given diameter, pitch ratio (inside the experi¬ 
mental limitations) and values of T and Vj, the abscissa value, and also the 
number of revolutions at which the screw would work. We should thus be 
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able to select the dimeusioiis of screw for iiiaxiimini efficiency for any given 
values of V, and T, and also revolutions per minute, and at the same time wo 
should be enabled to form an opinion as to what extent these dimensions might 
be altered with impunitj’ to suit the peculiar needs of the case. Such a 
diagram is shown in fig. '207. Wo shall now go more into detail regarding the 
manner in which the experimental residts have been put into the form of fig. 
207, and also to what o.xtcnt this di.agram req\iires to be corrected for application 
to full-sized screws for propelling actual ships. The model screws on which 
the experiments were carried out were all of uniform diameter, viz. 0'68 feet, 
and of four different pitch ratios, namely, 1 "J25, 1 -4, 1 -8, and 2’2. In order to 
satisfactorily interpolate results for closer gradations of pitch ratio than those 
obtained from the given screws, and to ensure that in the diagrams the results 
should be given with sufficient accuracy and also to show the nature of the 
differences caused by the variatioit of i)itch ratio, the minor inaccuracies and 
irregularities due to experimental error had to bo faired in This was done 
during the reduction of the data into the diagram fig. 207 as follows: “ An 
analysis of the results showed (a) that the I'elations between the thrust curves 
of the several screws could be expressed empirically, within the limits of error 
of the results, by the propo.sitions that witli given slip ratio the thrust 

^or value of v.'iries as the reciprocal of the pitch ratio iinnvn a constant, 

the value of this constant being 0'17. (This, although it held good empirically 
throughout the ranue of variation of pitch ratio (i'22.j to 2’2), could not, 
obviously, hold good for unlimited range.) it also showed (i) that the thrust 


^or value of constant efficiency might be taken to vary inversely 

as the power 0’8 of the pitch ratio.” So, putting (u) and (i) in the form of 
equations, we have for constant sli]> ratio 


(") 


T 

D^V,^ 


oc 


Diamiffer ,. - 
Fitch ^ ' 


r . . u- • T /Diamcter'i 

(a) for constant etticiencv oc ( . . - 

' • l)-\,- \ Fitch / 


“Thrust curves for the several screws were then drawn so as to most 
nearly agree w’ilh the actual results of experiment consistent with jiroposition 
(a), and, by means of the .same proposilion, thrust cniwes were deduced from 
these for intermediate gradations of pitch ratio, as well as Tor other gradations 
extending somewhat beyond the 'limits of l'22.b and 2'2 covered by experi¬ 
ment.” The abscissa scales were then so modified that the ordinates of the 
several thrust curves at any common absci.s,sa value should be proportioned 
as by proposition (i). In doing this the abscissa scale of one or’the curves, 
viz. that for 2'2 pitch ratio, remained unchanged ; hence for this pitch ratio 
abscissa value is exactly proportional to slip p atio. The thrust curves were 
then plotted with such an ordhiate scale as to show, not actual thrust for the 


experimental diameter and speed, but values of 


where T = thrust in 


.tons, D = diameter in units of 10 feet, and Vj = speed in units of 10 knots; 
hence the curve may be considered as showing absolute thrust for a screw of 
unit diameter of 10 feet at a unit speed of 10 knots. The screws were four- 
Uaded, but the data can be corrected to two- or three-bladed screws by the 
propositions before mentioned. 
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Tho revolutions per minute corresiwnding to each of the curves were 
calculated for a unit diameter of 10 feet and a unit speed of 10 knots, and 
were plotted as ordinates at the abscissa values of the respective intersections. 
Hence curves were obtained showing for varying pitcii ratio, revolutions per 
minute for varying abscissa values. Hut as with constant pitch ratio and 
Constant slip ratio revolutions vary directly as speed, and inversely as the 
diameter, tlie ordinates o))tained as above can be considered as showing values 

of , where R = revolutions per minute, 1 > di.imeter in tens of feet, and 

' 1 

Vj = speed in tens of knots. 

Relation between Model Results and Full-Sized Screws.— 

We must next consider the manner (if any) in which the results will be 
affected by a change from model to fnll-sised screws. Although the diagrams 
are stated in such a way as to make them applicable to screws of any size and 
travelling at ar.) “peed, yet these curves were obtained from the results of 
experiments on screws of 68 feet diameter, travelling at : 10 (l feet per minute ; 
but by virtue of the five propositions before enunciated, those results are 
applicable to surews of any size, tr..^ filing at any speed. These propositions 
are based on die assumption that the skin-friction resistance of the screw 
blades varies directly as the area of the surface and as the square of the speed. 
In view of the probable inaccuracy of this, it is obvious that those diagrams 
need a correction for full-sized screws which is analogous to the skin correction, 
and which is introduced into the comparison of the resistances of a ship and 
her model. Regarding the accurate determination of tho amount of this 
correction, we have so far no satisfactory method. Now sujiposing this diagram 
to be correct for full-sized screws, it seems to determine the best diameter of 
screw for given values of T and of Vj, but in the actual case wo generally 
have to determine the most suitable dimension.s, having given, not T or V,, but 
the resistance (or K.ll.l’.) and speed V. Now, from experiments on “hull 
efficiency,” we know the value of the “ thrust deduction ” and “ wake ” factors 
for many forms of hull, and we can fairly correctly infer from a model of 
similar form to the one presented to us the correct values of these factors for 
this particular case. Hence we can generally convert tho values of resistance 
and of speed V for any given ship into values of T and V, if we as.sumo that 
the “ thrust deduction ” and “ wake ” factors are identical in ship and model. 
There is some foundation for the belief that both these factors will be some¬ 
what less in the actual shiji than in the model, by reason of the relatively 
lessened surface friction of the former. Tiiis, it will be seen, brings in an 
element of uncertainty. 

We are here called on to consider two principal sources of inaccuracy, 
namely, (1), the inaccnnacy of the diagram itself as applied to full-sized 
screws ; (2) the error in the estimate of tho values of T and Vj for a full-sized 
ship, by which the diagram has to bo applied to each individual case. Now 
if we follow the reasoning of‘the late Mr W. Fronde’s paper of 1878 “On the 
Elementary Relation between Pitch, Slip, aigl Propulsive Efficiency,” W. Froude, 
Trans. I.N.A., 1878, given in Chapter XVII, we see that we have here two con¬ 
tending factors (since the diagram is based on model experiments), he one 
tending to ov'erestimate the abscissa value, the other tending to underestimate 
it. So, in the use of this diagram for the purpose of determining how a ship’s 
screw stands in regard to efficiency as shown by the position in the abscissse 
scale, these two factors tend to eoiinteract each other. In a very similar way' 
we have the factors tending to neutralise each other if we use the diagram 
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for finding the correct rotary speed of screw. Tims we see that we liave to 
deal with conflicting errors, either of which, il taken separately, would be 
important, but it taken together the difference caused in the result may be 
almost, if not ([uitc, neglected, and it is thus possible to use the diagram for 
full-sized ships. As a test of the correctness of this statement, a comparison 
has been made between the revolutions per minute recorded in the steam 
trials of various ships of which models had been made and the revolutions per 
minute assigned to these ships by the diagram at the recorded speeds, with 
the I’ccorded dimensions of screw, and it has been found that the revolutions 
as obtained from the diagram exceeded the revolutions (trial trip) of twin 
screws, and undiu-estimated the revolutions of single screws (trial tri))) by 
about 2 or per cent. 

In a similar manner, tests have boon made on the theoretical cfliciency 
as compared with clliciency shown from trial data. These show the character 
of the curve to be correct, but there seems to be some factor governing the 
clliciency which has not been taken into account. 

Thus, to summarise, we can rely on (1) the model screw elliciency curve, 
as sulliciently correct in character; (2) the abscissa values calculated for 
screws of full-sized ships from fig. 207 in the manner shown, as sufficiently 
correct relatively to one another, but (3) perhaps erroneous by some uncer¬ 
tain amount relatively to the true efficiency curve. 

Relation between Dimensions and Efficiency.— We have then to 
find the information needed to answer —(1) what size of screw may be 
chosen if elliciency is the only consideration; and (2) how much may the 
size so chosen be altered it required by circumstances. Now, when we 

look at the character of the elliciency curve and the comparatively large 
range of abscissa value within which the maximum elliciency is practically 
constant, and although it is not possible to fix the point of maximum 
clliciency absoluftdy, we see that we get an answer to our first question 
pretty simply. .Ml that we really reipiire is to fix on an abscissa value which 
will give ns a performance not sensibly loss than the maximum possible, 
and this we can ipiitc readily do. Probably any value between N'O and ll'O 
would suit, but, for convenience in manipnlating the data, we shoidd adopt 
one particular standard value, and the value whi(!h has been chosen as being 
the most suitable is 9’0. With regard to the amount of liberty we can bake 
in altering the diamctei- of the screw which is proj)er to an abscissa value of 
9 0, wc would require to know when to stop reducing the diameter, as there 
is a certain [joint beyond whiol[,, we cannot go without a great sacrifice in 
elliciency. ITuforUinatcly we cannot say with anything approaching conli- 
. dence where this point is. Now, with reference to the form in which the 
information in fig. 207 has been reduced so as to be more cqiivenient for 
handling, the diita will be used for the purpos(! of enabling us to choose the 
dimensions of pro[)ellers most suitable for any given design of ship. We 
must know, before we can do anything, the Speed at <vhich the vessel is to be 
run, and the T.H.I*. necessaty to„be produced. In order to develop this 
I.H.P. with most advantage, the different types of engines require to run 
at certain numbers of revolutions per minute; hence we can suppose that 
the revolutions .per minute are also fixed. Wo may Iheroforo consider that 
the speed I.H.P. and revolutions per minute form the basis upon which we 
work. Then we first of all find the size of screw which, for these values of 
• speed, ew;., will give an abscissa value of 9‘0, and then, should such dimensions 
nc*t conform to practical use, we have to deterniinc what change of abscissa 
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value would accompany a change of diameter, and what corresponding change 
we would re(iuire to make in* the pitch ratio in order to retain the revolutions 
per minute unaltered. For this purpose we do not recpiire a diagram such as 
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Ill dclcmiiniu^ the dimensions of screw for an aliscissa value of 9'0 
(i.e. constant ah.scissa value), let us first suppose we arc dealing with constant 
pitch ratio also, whence wc have constant slip ratio. 

Toe l)3V,2 

and TV,(orT.ll.I>.)oc Dn'jS. 

,IVc may take the hull efficiency as a constant of value equal to unity 
(since the product of the “ wake ” and “ thrust dcihictioii ” factors varies little 
from unity). 

.So KH.r.- T.H.P. 


then 1’X l.ll.r. oc D'iV'i" 

Now, since pitch ratio .and sliji ratio arc siipjiosed constant, 

revs, per mm. oc ‘ • 

‘ 1 ) 


.\gain, assume revolutions per minute as constant, 
then Vj oc 1), 


Now let 
then 


V 

,, 1 + <u(<r) = increase of V over V,), 

' 1 

1 + 


and so, if we assiiiiie certain constant values for 1’ (the propulsive coefficient) 
and 1 +<u (the wake factor), 

the values * and 'G'c constant. 

The ordiiiittes of the ciirv'es in fig. 211 show the value of two constants 
(),; and Oi, which are such that 


and 


,/vVy 
' V vJ 

.. 1) /VV-' 


where R = tons of rovoiiitions per minute, 

1 - l.H.I’. (for each set in twin screws), 

I) = diameter of screw in feet,* 

^ - speed of ship in tens of knots, 

W — multiplier for wake correction. 

Now, as regards values of \V, the value of 1 +<« (the wake factor) deiiends 
mainly upon the form of hull and the position of the screws in reference 
to tjie hull. Curves in fig. 211 are plotted for pssumed standard values of 
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p = 0'5 dtid (1 + (u) = So that ^ where V = speed of ship and Vj = 

speed of advance of screw through wake, hence Ok and 0^ are expressed in 

V V 1 10 0 V 

terms of ^ where _x^ = -g or W = 

Now let "h” and “r;” represent the ordinates of curves of thrust and 
revolutions per minute hi fig. 207, and put “f,” “w,” “r,” and “d” V> re¬ 
present thrust, speed, revolutio; s per minute, and diameter in the umits of 
fig. 207 : since we have assumed a propulsive coefficient of '5 wo have 

I = 2 X E.H.P. 

2 X 68‘78<.«. 


and X - ; also R = and D = lOd. 

Wo 1V 



Fio. 212. 


Hence 


and 


_ r X (137'56fv)* 

a /If) \2.'. 

= -90l"^X:^ 

V av 

, = 901c Jl. 


10(7 


Oi,= 


710 \' = 

Hr) 


(l:i7-66fv)‘ 


• =-999x^='?^, 
t 


which shows how fig. 211 is deduced from fig. 207. 

Now from fig. 211 wo wish to determine the most suitable diameter aad 
pitch for a given revolutions per mmute and speeS of ship. First of 

all obtain the value for Ob given by the specified conditions, then by means 
of the constn.ction shown by dotted lines in fig. 211 a series of corresponding 
value of Oil are got for a spries of abscissa values within a convenient jange 
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These values of (),„ hikcii in conjunction with the pitch ratio values of the 
vertical dotted lines, give a aeries of values of diameter and pitch which are 
then plotted to a base of abscissa values as shown in fig. 212. By using 
this diagram, sizes can be easily selected with duo regard to limitations 
imposed by space, and of abscissa and pitch ratio values as affecting 
efficiency. 

Effect of Number of Blades on Dimensions. The diagram, fig. 211, 
is f(A’ four-bladed screws, but it can be used for two- or three-bladod pro¬ 
pellers by first dividing the given l.H.P. by 0'65 or 0'865 respectively, but 
it is more simple and almost as accurate to first work out fig. 212 for four- 
bladed propellers, and thence obtain similar curves for two- or three-bladed 
screws by multiplying .all the diameter ordinates by I'Ki or T05 and the 
pitch ordinates by '980 or ddb^. The left-hand jiart of fig. 211 shows 
e.xactly the same data as the right-hand side, but arc only plotted differently. 
This second form is sometimes more handy to use when the problem is given 
differently from that supposed. 



CHAPTER XX. 

THE RELATION BETWEEN TYPE, AREA, DIMEN 
SIGNS, AND EFFICIENCY OF SCREW PRO 
PEELERS. 

Ml! I!. K. Fhoi'iie gave to the Instil'v„;on of Kaval Architects in 1908 the 
results of fur'her expcrinients on screws enabling the effects of variation in 
form iuicl pitch ratio to be determined. It has been already shown that 
results for [iropcllers of tlie san e design as that experimented upon can be 
obtained from one sUiiidardiscd diagram. I’liis comparatively simple form of 
recording results was based on the observed result that the efficiency curve 
was the same for variation of pitch ratio of 1'2 to '2'2. The development of 
engine design involved increase of revolution to such an extent that much 
smaller projiellcrs had to be used. To ensure sufficient thrust, these pro- 
]jellers had to be made of small pitch ratios and large relative surface. This 
necessitated designs very different from those upon which model cxjieriments 
had been made, and involved pitch ratios much below the ratio 1’2. 

Scope of Experiments. —To find the effect of variation in design 
and to test the truth of the assumption of a practically common efficiency 
curxc for those lower pitch ratios, propeller models of three and four 
blades of elliptical shape and varying blade area were tried. Others of 
three blades, Vjut of shapes leaving wide tips, were also experimeilted with ; the 
developed outlines of the propellers are shown in fig. 213. These results 
covered the range of latio of developed to disc area from '30 '^o ^0 and of pitch 
ratio from '8 to 1’5. The model propellers tried were all '8 foot in diameter, 
and the immersion to the centre of the shaft was uniformly '8 oi the diameter, 
f.«. 'fid of a foot: tho> speed of advance ift wdiich the model propellora were 
tried was 300 feet per minute, and they were run “ in the open,” with no ship^ 
model preceding them ; consequently the slip is “real,” and not “apparent.” 

Method of Recording Results.--The imrixluetion of the variants 
of blade shape and area and pitch ratio neoessajily added to the com¬ 
plexity of the basis gf recortilng the results. To obviate this as much 
as possible, Mr Fronde invented a method tif simplifying the results by 
the introduction of a formula giving flie relation of thrust to revolutions 
per minute for a screw of any diameter and pitch. This formula is one 
for horse-power in terms of diameter of propeller and pther particulars} 
based on the simple formula T = all-- Ml, •where T is the thrust, R is the 
number of revolutions per minute, a is a coefficient depending on the 
dimensions, etc., of the screw, and b is a coefficient depending on the spee^ 
and pitch. By taking R^ {or zero thrust, b can be eliminated, being qflual 
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to there being no slip. I’, tlic pitcli, wil.' e(]ual , where V is the 

speed of advance (iorresponding to zero thrust: the general equation then 
becomes 

T = ull®-= = where .S = slip ratio. 


ssumiiig the coefficient a to have been correctly obtained tor a screw of 
specific design and unit diameter, and renien.bering that the thrust per unit 



Fio. 213. 


area varies as the square of the diametei', as does also tlie area, the equation 
for all diametere of propellers becomes 

T = «r)^R%. 


This can be written in an altered ffirm independent of ,k by substituting for 

V“ V P 

its value -njyYj—gj" ‘^^'''Tod from (1-.S)=^ and P — (J’ being 

the actual pitch and )> the pitch ratio) when the equation becomes 

• T =, ® naya ^ 

The two principal elements governiftg the value of a for any difference in 
])ropellcr design arc (1) pitch ratio, and (2) type and blade-width proportions, 
{t was found that these two were independent of one another, and that as 

regards (1) n is projwrtionate t6 4-21). From this it follows 


p{p + 21 ) 

^ ■* Bladf-vidtli ratio in the ratio of Uie widtli of tlic expanded hlade at half the nidius of 
the tjps to the radius of tij)s. 



Carveci BtojdLt TacUjr B , Vtz: 
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is constant lor varying pitch ratios. Tlh.s expression was callerl lilarle factor 
B, whence n =yi\i(p + 21). 

Values of B, as obtained from experiments and dependent on these variants, 
arc given liere m fig. 214. 

The thrust values obtained from all available experiments were compared 
with the results given by the formula, and it was found that the formula 
reejuired correction by multiplying the right-hand side by 1'02(1 - -ON >S.) 



4 

Making this correction, and substituting for u its value B/)(p + 21), the 
final thru.st formula becomes 

V pJ (l-H)- 

This may be written 

■ 'I'V + V0^S(1--08S) 

i>-'v= / '(i-.sp' • 

Converting this to units of thrust horse-powier (H) and speed in knots, from 
thrust, bi B’s. and speed in hundreds of feet per mingte, the expression becomes 


Scale of Slip ratic 
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H 

l)2V« 


- ^ — = -0032162 

15 ( 7 ’+ 21 ) 


S(1 - -OSS) 
(l-S)^ ■ 


To facilitate the use of this expression, curves of 

//= 'i - .1' = ■0032102''^^ ~ 

■' im's !!(/- +21) (l-S)'-; 

were'coirstructed and are here reprodueed in terms of ,f = li/d)_ 10133 

^ _ V (l-S) 

(fig. 210). .\u alternative to tile use of the foregoing formula is the series 

of curves off',, in terms of (\ whore (J,j= 

l!v'’ jr 


In these latter the value cau he ealeiilated for any conditions of V, I!, 11, 
anil 11, and the value of read frum the curves, wheueo 1) can be determini’d : 
the etticieucies belonguig to each curve are set off on the same diagram and 
cau he read oil'. 

These etlicieucy curves are cori-eet for the 3-hladed elliptical type of 
propeller having a disc area ratio of '-lo. It should he noted that this disc 
area ratio includes the ellipse to the centre of tho shaft in those moflel 
propellers- when reducing to actual ship figures a reduction of 20 per cent, 
should he made. To correct the efficiency curves for the other propellers a 
uniform efficiency deduction of -02 must be made in tho case of tlie 3-bladed 
widc-tip oneii, and a similar reduction of -012.O for tho 4-hladed elliptical 
ones : also a dciluction as indicated by the curves in tig, 2T1 dependent on the 
di.se area ratio and pitch ratio. 

Tho jiitch 1’ has throughout been taken as eipial to the travel per i-evolu- 
tion for zero thrust,, and /< and .S corros])onding. (lompai-ison of trial results 
have led to the eonclusion that the pitch or pitch ratio figures used in or 
obtained from these calculations should be taken as 1-02 times the driving- 
face pitch foi- st-ip. 

for a complete understanding of the reasons which have led to the 
adoption of this method, the reader is referred to Mr I'h-oude’s paper, “ Ue.sults 
of further .Screw Propeller li.vperimonts,” but for the practical application of 
the results the study of a few examples will suffice. Q'hese liave lieon workeil 
out in a later chapter See Ohaptey X.KIV. 




chapter XXI. 


PAYLOR’S EXPERIMENTS ON THE DETERMINATION 
OF DIMENSIONS FOR SCREW PROPELLERS. 


Taylor’s 1904 Paper. —Other results of a recent investigation of the 
rowers and etticicnoles of propellc’s arc those given to tlio American Inst, of 
^^.A. 190t by Oonstnictor Taylor, li these experiments tliere has been a 
,'ariation boi 1 in blade area and in pitch, while, as wc have scon in the 
bregoing pages, J-'i-oude had piactically only one variable, nauiely, the pitch. 
The chief object of these expevimonts was the determination of the power 
lud efficiency of m . ■ -i screwi of the common three-bladed type throughout 
ffic range of pitch ratio and blade area likely to occur in practice, but, in 
,’icw of the increased rotary speed of propellers on turbine-di'iven vessels, 
ihe jiitch ratio vari.dlon has been extended to the unusually low value of 
3-4. The series of experiments comprised thirty propellers. They were all 
10 " in diainotor, throe-bladcd, of uniform pitch, diameter of boss .3^", with a 
thickness of bliwlc at the centre of 3 V' at root and at tip. 'riicre wore six 
pitch ratios used, namely, ‘4, ’C, ’ 8 , 1’0, I'd, and Iffi, and for c.aeh pitch live 
widths of blade were uso(l ; the mean width ratios, total blade area, and blade 
irea as a fraction of the disc area are shown in the table below. The blades 
were apjiroximately elliptical in shajio (see fig. 217). The driving faces of the 
screws were trued Uji in a special machine, the backs of the blades were 
finished by hand, and both back and driving faces were, behwc experiment, 
carefully smoothed with emery cloth. The apparatus used wa;i very similai 
in principle to that used by Fi-oude, only that Taylor could •call to his aid 
many scientific devices whic'n were not in existence about twenty yeai s .ago 
The method of getti”g the recorded data reduced to diagrams will be treated 
below. The results were biired by cross curves, and if not satisfactory the par- 
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Fitoli ratio. 



■4 

•G 

•H 

1-0 

1-2 

1-5 

— . 

1 

6 

_ 

11 

16 

21 

20 

No. of screw. 

2 

7 

12 

17 

22 

27 


3 

8 

13 

18 

23 

28 


4 


14 

19 

24 

29 


5 

10,15 

20 

__1_ 

25 

30 


[ Mean width 
! ratio. 

' 

c, Tf'tiil <le- 
, velo|»ed area, 

1 sq. ill. 

Developed 
aiea ~ disc 
area. 

•075 

24-28 

•1207 

1 .•125 

40-46 

•2012 

! -200 

64-74 

•3220 

j •276 

89-02 

•4427 

■350 

113-30 

1 -5635 
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tioular screw was re-tested. As to the method of conducting tlio experiments, 
tlic general rule was, after calibrating the apparatus, to put the propeller in 
place and make a run at a speed of advance of 4 knots. The necessary 
number of revolutions of screw to give a negative slip of about per cent, 
was known from previously prepared diagrams, and so the carriage was put in 
motion at the desired speed and the requisite number of revolutions per 
minute obtained by adjusting the rheostats. Tlio pens and revolution 
counters wane then thrown into gear and the run commenced. On the comple- 
ti(ai of the run it was (piite easy to see frouK the number of revolutions from 
point to point if the desired slip had been obtained. If so, then the next 
run was started at the same .speed of advance, but with the propeller revolving 
at a number of revolutioii.s corresponding to a ])ositivo slip t)f, s.ay, 2 per cent, 
or .'1 ])cr cent. The runs were continued until a slij) of about 40 per cent, 
was obtained. Tlie zeros were thou cheeked, the resistance of the shaft 
itself to moving forwai'd tlii'oiigh the water at a'l^eed of 4 knots and 5 knots 
was determined. Tlie propeller was then replaced and a similar series of 
runs at .') Knots was commenced. Similar experiments were eanb'd out at 
speeds of advance of (i and 7 knots. 

Method of Recording Results. — In reducing tlie recoids obtained 
from the experimental aj)paratus to diagrams the procedure followed is 
shortly outlined below. 

Krom the records the number of revolutions over the last 01 fi'ct of run is 
obtained. Call this number/j. The time occupied by the truck in pas.sing 
over this Cl feet is also given on the records. Let it be / seconds. Then 

from the average value of i the speed of advance is given by V = • 

T1 le values of toripie proper are now obtained from the deflections of the 
toripie pen, and these values of T (say) arc entered opj)osite to the values of i 
and p according to the number of the run. The value of the final thrust (P) 
is now' obtained from the value of tlie thrust given on the record plus the he.ad 
end pressure on the propeller shaft, wdiich is overcome by the projiellcr before 
any thrust can be rocoided. (lurves of T and P at different speeds are then 
plotted to a base of p. k’or the same x'alue of pitch each value of p corre¬ 
sponds to a efrtaiu slip. P and T are taken off on even xalues of slip at 

intervals, say, of 5 p.c. on the range covered. These I'csults of T and P in 
lbs. arc plotted' on two separate sheets to alrsoissie of the constant speeds of 
the experiments. These faired values of P and T at d knots speed wei'c, for 
the .above slips, tabulated for the calculation of cfficicuej and the value of a 
coefBciont S which Taylor has introduced, and which he calls the power 
coefficient, and it is such that if ii denote the horse-power absorbed by the 
propeller, 1) denote the diameter of the propeller in feet, n the pumber of 
blades, and V denote the speed of advance of the propeller in knots, then 


(1 = •00.312«.ST4'!\?. 

This is obtained fi'oin the following cbnsiderations:— 

At a constant speed of advance, say five knots, if I! = the useful work and 
G the power absorlied by propeller, 

r 

^ = E, the efficiency. 

G ^ 



Efficiency 
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Fn ‘J17.'-Alodcl Kxjteriments. Shape of Taylor's Blades. 



Fio. 218.—Model Propellei^Experiments. 

2 Blades. ‘2 Width ratio. 

“ E,” Efficiency curves for constant pitch ratio. 

“ S,” Power coefficient curves for constant pitch ratio. 
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Thou at a pitch p in feet and Tl revolutions per minute a slip s can be 
determined, and 

(} TR X da- irrT ' ' ^ ' 

where T and I’ are the (iflective torque at 1 foot radius and tlie pvish or thrust 
of the propeller respectiv(>ly. 



Flu. 219.—Model Propeller Expfiiiients. 

3 llludes. '200 Width ratio. ^ 

“ E,” (!iirve.>i of ofllcioucy for constant pitch ratio. 

“ .S,” Power coefficient curves for constant pitch ratio. 

From the investigations .upon the thrust, torqu'o, and ettieiency of an 
elementary oblique plane rotating about an axis, it may be shown that the 
total horse power absorbed in turning an aggregation of these elements in the 
form of a .screw propeller may be expressed by a formula 

where a is a re.action or pusli and/a friction or rubbing constant; X and Z 









■■Also fi’oiii (iijiuilion (1) 




tayloe’s experiments on dimensions for screw propellers. 309 


Hence for a given propcllowwe eiin plot viilne.s of S when either I’ or T and h 
are known. If therefore S and K are known and plotted for a given pi’opellcr, 
we have its c,haract(wisties complete, and can apply th<! fornnda (2) to tind 
the power c.vpcnded in a larger prop<'ller at other spea'ds and i-evolntions by 
the methods formerly e.xplaincd. The efficiency of tlie model propeller at tlio 
corresponding revolntions or .at the same slip per cent, will enable ns to 
determine the power r.tilised. 

Similar esperinu-nts were snhseijnently carried not on fonr-hktded, 



3lip per Cent 

Fh 5. 222. --Model rvoiiellcr 'Rx|tcrimoi»t!'. 

■1 Blades. ‘125 Width ratio. 

“ E,” Ertickiicy curves for constant pitch ratio. " <-> 

S,” Power coetficieiit curves for constant pitcli rati**. 

six-bladed, and twe bladod projtellers. The e.\i)orimcnts r.’” the si.\-bladed 
and tvo hladcd propellers were not s'> extensive as those on the three- 


I 





(Jorrespo- din^ ratio. 

e aiimber. 

Number Blades. 

Jl eaii width i iilio! 
Ilf Blade. 

Total developed area 
Disc area 

w 

218 

• 

• 2 

•200 , 

•214 



• 


219 

3 

•200 

•3-22 

220 

3 

■276 

•442 

221 

3 

•350 

•563 

• 

222 

4 

•125* 

•268 

223 

4 

•200 

•429 

224 

4 

•276 i 

•590 
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lilndccl atid foiii-liladed. Tlic isliajics of lilades 1,hal were tried arc sliown 
ill tii;. HIT. 

Results obtained.— 'I’lio ourvo.'s in tif;,s. 21N to 224 lia\c l>ccn scicctod 
from the results of tins above experiments on two-, three-, and fonr-hladed 
jirojiellers. They have been fji'onped together as follows :— 

Jn each of the above figures which fix number and sliape of blades, 
according to the jireccding table, we have the S and the M ennes for six 
difh'.'ont pitch ratios [dotted on a ba.se of slip per cent. 

The [litch ratios chosen in each case'were '4, •(>, ’8, 1(), 1 2, 1'5 
respectively. 

It will be seen that the field of exploration is fairly complete. Numbers, 



I'To. *223. — Model Propeller Expcriaieiits. 

1 Wadis. *2 tl'idtli ratio. 

“ E,” Efficiency curves for constant pitch ratio. 

“ S,” Power coefficient,curves for constant pitch ratio. 

areas, shapes, and pitch ratios have boon varied over an extent sntlicient for 
all ])ractic.al pnr[)Oses. The wide range of the experiments cn tided the 
investigators to conclude “tliat within working limits the propeller forces 
vary as the sipiarc of tile s[)eed of advance, ’ that is, what we have called speed 
of ship. Tt was only necessary, therefore, to give rosnlts at one speed of 
advance, vix. five knots. The [iowor.-ibsorbed in turning a propeller having 
n blades of any diameter D at a speed of advance V can be got from the 
formula (2), 

(i = *00312».S]P^V3, 

H being obtained from the curve for the particular type of propeller whose 
area ratio, pitch ratio, and revolutions or slip ratio are known. The corre- 
spon[ling value of K, the etlicicuey, can bo read off from the curves, and the 
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value of the useful power V developed by the thrust of the propeller can be 
found. It may be noticed that for the constant speed of five knots at which 
all these results arc set off, the variables are number of blades, pitch ratio, 
slip ratio, and area ratio, and the results we olitain by experiment are iwwcr 
absorption and efficiency. We can show a series of any two of these variables 
on one sot of curves by assuminf; the otlier two to be constant thronghont 
the series. If we select number of blades and area ratio as constant, we can 
set off a series of S values for varying pitch and slip ratios, and we ci*i set 
off a scries of E values for the ,amc pitch and slip ratios. We cannot treat 
the number of blades as a continuous variable, so that for one set of curves 
it must always be constant, and we must always have a different sot of 



4 lilados. '275 Widtli ratio. 

“ E,’* Curves of efficiency fur constant pitcli ratio. 

“ S,” Power coefficient curvus for constant pitch ratio. 

curves for each number of blades. But tvith the pitch, slip, and area ratios 
we may make one constant and plot values of S and E foi varying values of 
the othoji two. In figs. -18 to 224 each figure shows the values of S and E for 
a constant pitch ratio, each curve of the series being for a specified width 
ratio, the base being sli)) ratio. Wo are then able *o see how S and E each 
vary according as pit(jh or arcit ratios are altered. 

By inspection it may be seen that—^ * 

(1) For propellers of the same number and area ratio of blades S lucroases 

rapidly with decrease of pitch ratio. , ■ ■ 

(2) For propellers of the same number of blades for, small i>vtch raltot 
the narrow blades absorb a little more power at low slips than the wide blades 
up to a certain point, after which, as the slip increases, the wide blades gradiv 
ally absorb greater power than the narrow ones. For large pitch ratios 
wide blades absorb slightly more power at all slips. 
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(3) Alii.\inniiii efficiency occurs at lower slips as the pitch and area ratios 
decrease. 

(1) The value of the uiaximmu efficiency inerca.scs as ])itch ratio iucrcase.s 
for the smaller area ratios up to I'i!, hut slightly decreases afterwards, hut in 
the larger area ratio it continuously increases with increase of pitch ratio. 

(5) The value of maximum etticicucy increases hetween area ratios '075 and 
■]25, but decreases with further increase. 

1/1 order to make use of the curves given in figs. 218 to 224, figs. 225 to 
231 have been made. 

Consider the formula C - •00312«SU-V^ If wc arc given (1 and V, we 



0 ^ H 16 !0 26 32 16 10 

Shp per Cent 


Kio. 2’J5, —.Model Di'epeller Expcriineiit.''. 

2 Blades. '2 Width ratio. 

“ E,"’ Ciuves of ellicieiicy for constant lalne of" S.” 

“ P ’’ Curves of pitch ratio for constant valu" i.f “ S.’’ 

*■ 

can select « and 14, and hence get a value of S. If then we can draw a 
horizontal line in any of the figs. 218 to 224 at this value of .S apd set up 
ordinates at the intersections of this line with the S curves, we get the corre¬ 
sponding efficiencies at^the points where these ordinates cut the efficiency 
curves. Hence an efficiency curve corresponding to thq given value of S may 
be drawn to the same abscissa', clip per cent. We also know the corresponding 
pitch ratio at each of those ordiuate.s, and hence a curve of pitch ratios can 
be sot up for the given value of H and in terms of slip per cent. 

. This has heen done in order to get curves as in the figs. 225 to 231. Kig. 
225 is derived from 218, fig. 226 ,’s derived from 219, etc. 

The efficiency curves are lettered E, and the pitch ratio curves are 
lettered P. 

The value of 8 to which each curve corresponds is also noted, and the 
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3 Hladefi. ’200 Width ratio. 

E,” Curves of efficiency for constant value of “ S.” 

“ P,’* Curves of pitch ratio for constant value ol “ S.” 





PUCK R«<c 
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I'tingo of values that has heon chosen depends upon the range of S in the 
origiiial .S and E curves. 

From insjx'ction of the K and 1’ curves in the figs. 225 to 2.11, it will be 
seen that for any of the chosen values of S no arc able to fi.v the nia.xinnim 
cllieieney point. 

Drawing the ordinate at this maxitnnm cflicicncy point, we can get the 
corresponding pitch ratio, and tlic abscissa gives the sli)) ratio. For example, 
in fig, 225, which gives the F and P curves for two-bladed j)ropellors of '2 
width ratio, the .S values chosen range from '2 to 2'0. 



S//p per Cert 

Km. 228.- Model Propeller Experiments. 


- —y! lUades. *35 AVidth ratio. 

■' E,’’ ('urves of efficiency for coii.stant value of “ S.” 

“ P,’ Curvc.s of pitch ratio for constant value of “ S.” 

Ihe following table gives the rnaxinuini efficiencies and tiie corresponding 
pitch ratios and slip ratios for each selected valno of S :— 


V^aluo of S. 

Maxiinunt 

Efficiency. 

2*0 

. 65 

1*5 

677 

1*25 

69,7. 

1-0 

71-6 

•75 

74 9 

•« 

77-0 

•5 

78-8 

•4 ■ 

80-6 

•3 

82-2' 

•25 

83'2 

•2 

84-0 


Pitch Katu>. j Sliji per cent 




•625 

28-2 

•795 

‘26-0 

•76 

' 24-5 

•825 

22-9 

•92 

20'3 

•99 

18-5 

1 -06 

16-8 

1-14 

16'0 

1-26 

13-0 

1'35 

11-3 

1’466 

10-0 
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The figureK in the ab^vo talilo have been plotted on a base ofSna/KC. 
The curves are shown in diagram 232. I’or eacli of the figs. 225 to 231 ii 
similar table was made, and the results plotted. Fig. 233 gives the results for 
all the throo-bladcd propellers, and fig. 234 shows the curves for all the 
tour-bladcd propellers. 

These figures, 232, 233, and 234, are linal diagrams, and can bo 
made use of directly to deter mine the maximum efficiency, tiro pitch ratio, 
and the slip ratio corrcsirouding to maximum efficiency for any given 
value of S. 

Suppose that for any given value of S we have aetermiuod E, 1’, and s 
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Fl(}. 229.—Model Propeller Experiments. * 


4 hlades. *120 Widtli r.itio. 

“ K,” Curves of efficiency for constant value oi “ S.’ , 
“ P,” Curves of pitcli ratio for constani value of ‘ S. 


(flip ratio) fr-oni the tina^ diagi-am. Let the diameter which has been selected 
to give S be 1). • ’ 

Then the pitch p — 1’ x U 
and /dt(l - .f) ^ V(101‘33); 

V(_101-33) 

p{\ 'i~i) ■ 

Wo (ran thus obtain the revolution corresi<onding to maximum efficiency 
for any given value of S. 

It will bo seen from the figures that the very best three-bladcd propeller 
may have an efficiency as high as about 80 per cent., while t’ e very ^est 
four-bladed only reaches about 75 per ceyt. The pitch* and area ratios of 
this three-bladcd propeller are about I'G and '28 (of disc area), while in the 
four-bladed these values arc I’l and ‘24 respectively. 

Relation between Efficiency, Pitch Ratio, and Slip Ratio. 





tlficIriKy Ifi'icificy 
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Sf/p per Cent 

Fic. 230.—Model Proj»el]er E.\[)cunn‘nts. 


A Hladoh. "2. Width ratio. 

“ K,’' CiirAt'^ of efficiency foi constant value oC •* S.” 
P," Curves of pitch ratio for constant value of “ S." 



3fip per Cent 

‘ Fig. 231. 


i Blades. *275 Width ratio. 

“ E,” Curves of efficiency for constant value of “ S.” 

“ P,” Curves of pitcli ratio for constant value of S.” 
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i-ill also be seen that in both the three- and four-bladed inopellors inaximuni 
ffioieiuiyis consistent with a very largo range of pitch ratio, arid corre- 
ponds in tlic thrce-l)ladod to about 13 per cent, slip ratio, and in the 
onr-bladed to 13 per cent, slip ratio. Of course the value of the maxiinuni 
ifficicncy will vary very much with pitch ratio, but the jiosition of it in 
•elation to slip will not alter. It may be interesting to notice that as between 
lie three- and four-liladed iiropellers, while maximum efficiency occurs at about 
lie same sli]) ratio, !.e. at about the same revolutions in tlie same diameter 
n-opellers, that (he correspo.i’ ng area ratios arc "37 and -dt), the excess ol 
he latter o' er the former being simplv that due to the extra blade, viz. about 



Fio. 232. 


Cuiv 


HMa. 

. r I':toli ratio 1 propellers. 

i Sip ratio J ;200 Width latio. 

S ” obtailH'd trom formula 1! •Ol5l312nSi'>'’V ’. 


one-thiixl. I'he ct’ect of this o.xtra blade only seems to be to detract from 
efficiency, as it lowers the maximum possible froni^^SO per cent, in the three- 
bladed to Tb per cent, in the four-bladed. 

It has been showli that the values of &.ine.rease with decrease in pitch 
ratio, i.<>. increase of diameter ratio, raftging in four-bladed iiropellers having 
narrow blades (of, say, area ratio -17) from -1 at pitch '•‘itio of I'd to 1 0 al 
pitch ratio of -t, and in broad blades (say, ol area ratio of -bri) 1: .m l to - 0 
These are very .significant figures, and show.the wide rangc-of power absorpCioi 
of difVerent propellei-s. The value of S, except for small areas, increases witl 
increase of area ratio for the same pitch ratio, the rate of increase beup 
much greater for small p.itch ratios than for large. Taking these two stfite 
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ments to^ctlior, i( is scon that to jict a largo value of S small pitch ratios and 
large area ratios are necessary. 

Elements affecting Powers and Efficiencies of Propellers.— 

There are four principal elements which affect the powers and ellicioncies 
of pro])cllers: those are ( 1 ) the diameter; ( 2 ) the pitch; (.'!) the hlade 
area ; .and (4) the shape of the blade section. The first three we are 
accustomed to taking into account, but the last has not been looked upon 
as an element which reipiired any special attention, but which, judging 
from T.aylor's results, is a factor whiidi will fecpiire to be reckoned with as 
much as any of the other three. With reference to this factor of efficiency, 



Fig. 233. 

j Maximum i-Uicii iiiy j fur three- ( 200 Width :atio. 
Curves Ilf J Pitcii ratiu j- bhuled -j •271' ,, ,, 

ISli)! ratio J proiiellers (.'SfiO „ ,, 

“S’’ obtained from foimiilali — •00312)(SI)''V 


we understand, wdien talking about pitch, that we are ref' ““S pitch, 

uniform or othcrwi.se, of the face of the propcll; ’ "“'F^t rememher 

that the back of the propeller has also a. p pitch varies 

from point to tioint. As the thiiknef ..m;,* ■ f^ 'OiJ often fixed in a 

J \ ‘i. * 11 ' into iiccoiiiit tlio f\( 

most arbitrary uiaunor, i^enerallw ^ ,1; ot 

ai 11 1 4 - 1\ ■ ui It follows that we shall havt* m 

the iiropoller, aiul not the widtlw. at i, n.t\t a ^cry 

narrow blades, with heuyred to roin-ilM it, 4 -41 ai 1 pilcii. 

Vow '.S th<i water is s' „ . i contact with the hack of the hlade 

.Now as the water s s„g ahead, ,t ,s obvious that the pitch of the hack <d’ the 
at all times when dyolhng factor in the linal efficiency ^ 

blade must he a c " 
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We have been accustomed to reckon the highest efficiency attainalilo as 
bbout 70 per cent., but wo nave from tlieso experiments a maximum efficiency 
if 78-8 per cent, for propeller No. 28. In calculating this efficiency the action 
if the propeller boss has not been taken into account, and so the efficiency 
vill be slightly greater than would have been obtained if this action had been 
iaken into consideration. Taylor is, however, confident that this t‘,\tieme 
ifficicncy has been obtained. He cites as factors confirming his results 
bhe extreme accuracy with which tlic propellers were finished, the com- 
jarativc thinness of the blades tnd the steady falling oil in efficiency as the 



Value or "s" 

FlO. 234. 

( Maximum eHicirucy i for four- ( *200 Width ratio. 

Curvi,.-.'‘■-j Pilch ratio Vhladed •(■270 ,, ,, 

I .SU; ratio J jiropcllers ( *850 ,, ., 

“ S ” ohhiiwd from formula (i-•OOtri2sSD'-^V‘'. 

a 

pitch ratio was decreased, a result one would have expected from theoretical 
considerations. ^ 

Influence of Blaije Width and Area. —Another restdt of these 
experiments is the fact that it has been sbpwu that as the pitch ratio is 
decreased the infltience of the blade w'idth and area upon the final results 
beedmes gradually less, until for propellers of very tine pitch ratio the 
narrow blades actually absorb the greater power. I'kir the j opellers of 
*6 pitch ratio the experiments show, at^ a slip of 2(1 ' per cent., that it 
makes practically no diffei*ence what the 'width of blade is, for the same 
power is absorbed by the propeller, although the narrow blades show 
somewhat greater efficiency. Below 26 per cent, slip the narrow blactes 
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absorb greater power, while above this percentage the wider blades take the 
greater power, until at the highest pitch ratios cxjferiniented with the greater 
width of blade alworbs most power at all slips. 

One other feature of the results is the fact that, as the pitch ratio is 
decreased, the power absorbed and the etheienej' at low slips are both 
ve)'y great, e.p. taking pi'opollers G to 10 for the narrowest blade, the 
ettieieney at zero slip is GO’d per cent., while the ina.vinnmi eltieicncy of this 
jii'opeller is G7'1 per cent., but as the width of blade is increased this ell'ect 
is dhninislied. ^ 

Cavitation. — It is generally admitted that experiments on model pro¬ 
pellers are of very little use as regards the phenomenon of cavitation,' owing 
to the fact that the model propellers working under the combined pressure of 
air and water have a virtual immersion much greater than the full-sized ones. 




Fio. 23D. 

Diameter 16". 

Pitch 19-2''. 

Total Blade area 61'7 s(j. inches. 

Mean Width ratio ‘200. 

For many of the propellers tested there seemed to be a tendeuey towards a 
reduction in thrust and tonpie when travcdling .at the f-knot .s)med, but 
there was no pronounced cavitatiut., except in the case o' propeller No. 1, at 
7 knots. This jiropeller had its r(!sults carefully noted, and they showed 
that at 7) knots the curves were norm.al, at 6 knots it showed sigi.' l of cavi- 
tiition at about 0 per cent, slip and 11.G lbs. thrust, and at 7 knots st-ong 
signs of cavitation at Oibont -l-G per cent, slip and 80 lbs. thrust. It 
should be noted that the cavitation occuiTod at a very, low thrust per sipiare 
inch of projected surface, and dt is Jierc that Taylor makes a riunark, which 
ought to bo paid particular attention to, in reference to the cavitation which 
exists in the models and is said to exist in the actual screws when running 
aka high sjKjed of revolution such as turbine-driven destroyers, viz.: “It 
seems reasonable to suppose thaDall cavitation is largely of the same nature, 
and a fimetion not only of the thrust, but also of the speed of revolution 

' See also Chapter XXIII., p, 339, 











r'AYS^R’S EXPERIMENTS ON niMENSIONS FOR SCREW PROPELLERS. 321 

and shape of blade section,'wid that it could probaldy he niitigatud in many 
cases or deferred by modifying suitably the blade section.” 

Hffect of Blade Section. —With rcferonec to his contention as to 
the ofibct of blade section on ofticiency, etc., Taylor shows the two diagrams, 
figs. 235 and 236. 



Fig. 235 shows shapes of blade section for t‘i\e propellers whose results are 
given as curves in fig. 236. Propeller 23 was one of the regular series, 16 
inches diameter, 19’2 inches pitch, 61'7 s<|uare inches blade, and "200 mean 
width ratio and '322 ratio of surface to disc area. Nos. 23f( and 23o had the 
same diameter and blade area as No. 23, but’liad blade sections as shown in 
fig. 235. The pitch of tlio line A A was in 23u, 19'2 inches, i.e. the face' and 
back were similarly convc.N. ^ F'or 23f' the pitch of the portion af' of the^fac^ 
VOL. II. 
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ai)(l portion cd of the back was the same as before, viz. 19'2 inches. Fig. 
9.‘i(i sliows the curves of efficiency and 8 for these tlireo propellers. This 
diagram emphasises the stiitement made by Taylor with reference to the blade 
section. It may be here noted that the value of S should bo kept as high as 
possible, as this enables the propeller to be made smaller, and it is necessary 
when the pitch is small, as it must be with quick-running engines, to keep 
the diameter down as small as possible, and it is probable that with warships 
there m.iy bo something gained with quick-running propellers b)' making 
them four-bladod instead of three-bladed. 

Importance of these Results. —The introduction of the Parsons and 
other steam turbines as propelling engines has led to great increases in 
revolutions of propellers. This necessitated reduction of pitch ratios and 
diameters. The earlier experiments of the Frondes did not cover ])itch ratios 
of nincli less than 1 ‘’2. Taylor’s experiments carry these results to ratios as 
low .'IS '4, and in the regions between 1'9 and ‘4 lead to conclu.sions somewhat 
ditl'erent to those above 1 1', The method of Fronde which is given in fig. 
207 is found to be not applicable to the lower pitch ratios. The efficiency 
curve given in th.-it HguM, which is .'cssumed to be a|)plicable to all the pitch 
ratios covered by the dia^’am, is not applicable in the much lower ratios. 



CHAPTER XXII. 


EFFECT OF THICKNESS, RAKE, AND SHAPE OF 
BLADE UPON PROPELLER EFFICIENCY. 

FoJ;l/)WiN(i UJ) the o.\|joriiiioiitK whifili we liitve just coiisideroil, tliiwc was 
made a seru's of experiiiii'iils iinilertalion by the Model Itasiii authorities at 
Washington ni order to asoertai.i ilu; eli'cei of “rake’’ on ])roj)ell(‘r blades, 
the inlluen<‘.(' <il thiekness an I section of blath', and also the result on the 
efficiency of the propcllei due to aiuratiun of shape of blade. Investift.-itioiis 
were c..rried eut in other directions, viz. with reference to the suction 
forward of the pro])ellei', and, as the trntli of the law of comparison as ap[)hed 
to proitclleis had been often i|ncstioned, to obtain proof or otherwise of this 
law by means of experiments on propellers. These latter <>xperiments were not 
earned out to such a degree of completion as those whieh have gone before, but 
they sujiiilj us with very useful data, and will, as i\lr Taylor says, “furnish a 
basis for more complete investigation of other exjilorers in this wide field.’’ It 
is well known that in order to give more clearance to the projiellei' in the 
aperture, or for other purposes, the blades are often raked back, very rarely 
forward, and it has been a ninch discussed (|nestion as to the effect of this 
on the cflicieney of the jiropeller. J'kvjieriments were made on propellers of 
two different pitch ratios, viz. •(! and 1-2 : in all, six projiellers were tried, one 
of each pitch ratio with the blades set at right angles to the shaft one at a 
rake of ld° forward, and one at a, rake of 10° aft; the area ratio was in all 
cases dfl3 and the blade thickness fraction 'Ctd-h. This last nartienlar is a 
new one, and is the latio between the maximum thickness of the blade ,it the 
axis and the diameter, a section being taken in a radial direction, the lines of 
the front and back suprjo.S''d extended to the centre of the shaft. From the 
results of these expcrii.ients it is shown that for the pitch i-ios in ordinarv 
use the eftieieney is praetieally unaltered by the blade.s being raked within 
the limits of the ex),erimints, either in a fore or aft direction. With the 
finer pitch ratios there seems to be a tendency for the forwai’d-raked blade 
to decrease in cflicieney, so that, other things being favourable, there is no 
reason why we should flepiirt from the ])erpoiltlieular blade so far as the pro¬ 
peller itself is concerned The details of the propellers .are given below' in 
the f(»llowing table and fig. 237, 

Thickness of Blade. —The thickness of propeller blades has up to thf 
present been a very arbitrarily chosen ipiantitv, each desiguei'gcnorally having 
his own ideas on the subject, .and taking vorj little thought as to the "effect on 
the eftieieney of his increasing the thiekness of the blade. In 1 llO-f I’aylor called 
attention to this point, and ^tated that the thickness of the blades seem(;d to 

;t23 
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•200 
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3 02 9 
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Iluve an iift|)ortant Uciiiing <in tlie iinal results obtained, and that lie hoi-ieil to 
be able to sliow this. We aie now in possession of the results of experiiuentis 
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made by liim in tliis direetiiin, iuid they amply hoar out the proplicey mndc. 
Twelve propellers were tried, the blade outlines ol whieh were such as shown 
in fig. 238. The sections were in all eases the ordinary typo, with jiitch 




Fig. 239.—Average Maxiniimi EHioienoics. RIsults of Ex|icn*fticiits on Blade thickness. 

• 

ratios of 6 for the half, and 1-2 for the remaining six. Two diffei -nt widtljs 
of blade were chosen, vis. ■12-') and '200, with three vsdnes of thickness 
fraction, •0205, 0425, and -0768. The results obtained show clearly that 
there is a falling off in etliciency with an increase of blade thickness, and that 
such increase causes a markpd increment in the power absorbed and thruSt 
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aud the'commoii ogival section. IVliat we roijuirenow is a set of experiments 
combining those just described with those detailed below, so that we would 
have complete information as to the variation on efficiency ])roduecd by 
alteration in thickness of blade, in conjunction with variation in type of 
section, pitch, and area ratios: this would give us all the particulars (some 



Fic -Jil.- Curves „f efilci('iicy and coefficients for various lilade Sections. Derived from 
exncri’neiits with Model Propellers, Nos, 139-145 inclusive. 


of which have been previously obtained) required *o give the most oHicient 
propeller to fulfil a givcti set‘of conditions., i 

Blade Section.— To the question»of tlrickness of blade there is closely 
alluid the question of the form of blade section, aud in connection with the latter 
a few experiments were made with propellers all as nearly as mav be with the 
same developed blade outline and the same thiokuoss of blade m the ceutrc,.but 
of various sections. The forms of sectioi^ used were those shown m hg. 24U. 
They are all of a fine pitch ratio '7875. For the purposes of coijiparison the 
nominal pitch was taken as the same, although the variation in form of secfion 
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would, of colirso, inlliicnco tlu^ virtual jiilch. The nominal jntoli linos, or al 
any rate the portions of the blade which arc assunil'd to have nominal ])itch, 
are sliown in lie. 210. .Model (139) i.s the ordinary ogival section: model 
(MO) is of tlic same type with regard to the lai'gor portion, but the leading 
edge i.s set forward. ^lodel (Ml) has a rounded driving face, the leading and 
following edges being both set IVuavard tao-tenths of the maximnni blade 
tbicltness. .Model (M2) i.s of a sinniar type, but the leading .and following 
edges are set forward a distance ei|ual to four-tenths of the niaxiinum thick¬ 
ness.' .Mislel (M.'i) combines the forward half of (139) with the rear portion 
of fMl), and model (Ml) combines with the 'forward lialf of (139) the rear 
half of 1-12. .Model (11”>) combines with the forward portion of (MO) the 
rear of (Ml). Kig. 2-11 shows in the usual way the residts of these experi¬ 
ments, and exhibits in a very telling manner the large influence which the 
shape of the blade seclion lias on the efliciency of the propcllei’. The co¬ 
efficient K|,; here used is .a cocHicicnt similar to S, e.xpressing the useful work 
done ; the formula for the value of this coeflicieut being 


l<r = 


•0030707 VT Kl' 




,p\s 


= -00312»KS, 


the lettei's having the same significance as in the [ireeeding chapter. Look¬ 
ing now at the results as de])iotcd by the curves, we notice that the 
following edge seems to influence the power and thrust to a. greater extent 
than the leading edge, a I'csult which certainly w.as not autici[)ated, and which 
comes rather as a surprise. Comparing Aos. 139 and MO, Nos. Ml 3 ,5 and 
Nos. 1 12 and 1 1-1, we see the truth of this, the forms having similar tails 
falling closely together as regards [lower and thrust. With reference to 
etiicioucy, it will be si'cn that the commonly used ogival section >yilh the 
rounded back is not the most efficient; the leading edge can bo impi'oved 
with regard to the etiicicucy, es|iceially at the lower slips. Xone of the 
[iropellci-s shown has very high efficiency, but this is easily accounted for by 
the broad, thick blades and fine pitch. 

Shape of Blade. -On the subject of slujjie of blade mucli has been said 
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and wnlteii, much virtuc^iuul iio faults being claimed by many inventors for 
their peculiar form of l)lade. The short series of experiments which was 
undcrtak('n to find, if j>ossibIe, some guide as to the influence of the developed 



Fio. 24'2. —Delails of lilados of Propellers used fh ex’iorinwiits on etfecl of Shape of Wades. 


shape upon the cflicicney, dealt with live shapes of blade, each suape beiug 
used for three propellers of dift'erent pitches. The table given above gives the 
data for these propellers, and fig. gives Shapiis and sections. ^ 

In each case the portion of the blade inside of the mid-radius was tlje 
same, being an ellipse whicji, if it had been continued, would have touched 
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tlie ceiitiv line ol' the sliaft. 1’ho outer portion of Jlie area was bounded by a 
mathematical curve of the general equation 



Fig. 243.—Curves of elllcicncy and coeflieients for various Blade Contours. Derived frotn exporimeni 
with Model Propellers Nos. 1G7-171 inclusive. Pitch ratio ’8. , 


the mid-radius, and “y” is the^breadth of the blade, *4” being the breadtlj| 
at mid-radius. The five outlines uSed were those determined by giving t^ 
“)( ” the values I'"), 2, 2-5, .3, and 3-5; when « = 2 the outer portion irf the 
a^ea forms a oomphde ellipse with the inner portion. When ?r = 3 the derived 
shape is one of which Taylor advocates the use. The thickness of the blade 
was kept the same in all cases, rfcgardlcss of width. Each blade outline was 
used with bho three pitch ratios, ’8, 1‘0, and 1'2. The results obtained were 
a* sltj)wn in tigs. 243, 244, 24.'). The information, to be gathered from these 






KFFBCT OF THICKNESS, ETC. UFON PROPELLER EFFICIENCY. 331 


curves is of much value !■« corroborating previous results. As one would have 
expected, the broad-tipped blades absorb more power aud deliver more thrust, 
with the exception that at a pitch ratio of '8 aud small slips the narrow-tipped 
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effect, but when it coiiic.s to small slips, this diff(;>’eiicc has a cousiderable 
inffueiice, and so wc find an increase of both power absorbed and thrust 
delivered in the case of the narrow-tipped blades. 



Influence of Blade Shape on Efficiency.~In the matter of efficiency 
the very narrow tips certainly shosv the best results utdess at fine pitches, 
and the elliptical blades seem to be more efficient than the broad-tipped 
bladeSj The difference is nowhere great, and ,it is to be noted that 
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the diScreiices between the power curves at liigher slips arc greater than 
are warranted by the addition of the extra area, but it must be re¬ 
membered that this additional area is put on the place where it will tell 
most, and is not, as would commonly bo done, distributed round the w'hole 
circumference of the blade. In conclusion, it would seem that these experi¬ 
ments, as far as they go, show that as the narrow-tipped bhidcs arc more liable 
to cavitation, especially at line pitches, than the broad ones, it would be 
preferable to use the eliiplic.al blade for coarse pitches not liable to cavit^ition, 
and broader-tipped blades line pitches, and especially where cavitation 
is feared. 



CHAPTER XXIII. 


PRESSURES NEAR PROPELLER. TEST OF LAWS 
OF COMPARISON AND CAVITATION. 


Mr Tayi.oI! hii.s jjrodiicod some useful data with refei-euce to the pressure 
in the water proximate to a revolving pro[)elk'r nhicli is delivering 
thrust, and the experiments here hriclly snmmaris<'d give the first e.\])eri- 
inculal information on this subject. The apparatus n.sed wa.s as follows :—A 
vertical plane surface was fitted parallel to the ceiilre line of shaft with a 
iiumher of tubes in the rear, each tube was eonuechd to a part^ular 
measuring spiot on the plane designated, as shown in tig. I’Ki, <•.</. A.j, li-. 



etc. At each of these measuring spots there was a thin eaj) flush with the 
face of tho plane, and fiaving a large rnimher of very small holes forced 
through it with the object of alkwing the pressure in cthc moving water to 
he communicated to the water in tho 'tubes. Kach tube was connected at the 
top of tho plane to a glass tube, and these tubes were in turn connected ly a 
comnion pipe to a receiver from which the air could he partially exhausted 
this arrangement Iwing simply to raise the water in the tubes to a convenient 
height for measuring. In additicai to these tubes, a pitot tube was fitted 
forward of the j)Iane for measuring the undisturbed pressure of the water. 
Kath tube below the glass part was supplied with a shut-oil' cock, and all 
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the ooAs could he closeij simultaneously. The method of experiment was 
very simple : first runs were made without the propeller at the speed at 
which it was proposed to run the carriage when the propeller was in place, 
and so calibrate the tubes, etc., as the plane, not being an ideal one, raised 
a (juite perceptible wave, and consequently there was a definite change of 
pressure at each measuring point when travelling from the still-w'ater con¬ 
dition. Knowing this, if we put the propeller in place and run the 



Kr*. 247. (iuiaes ii( l'iu.s.sui’e for Propeller. Holes ol Row C 1|'' above centre 
liiK' of shaft, Rows aiol .Stations each ti" apart, 

carriage at the aforeWaict speed, and the propeller at a number of revolu¬ 
tions to give the chosen slip, we can’get I'rom the tubes the excess or 
dimisiution of ()ressure over the plane catised by the rotation of the 
propeller. Of course we get the power absorbed, thrust delivoreand cfhjji- 
ency at the same time. The vortical ])lane was tested for three positions 
parallel to the shaft with four different pi-c^)ellers ranging in pitch from 12'.S 
inches in the finest to 21 inches in the coarsest 16-inch propeller. ' The mean 
width ratio was 2 in all cajes, and the plane was j* inches, inches, and 11J 


Scale ^rDeflectLOTOA/fFreesuTein^hs per 
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inches from tlie pi'opeller tips in the three occasions. \ iLorisontfil jilane 7 inches 
aV)Ove the ti])s was also tried several times in eoiijiinctioii with the vertical one. 
With the vertical plane only in place, the results of tonpie, thrust, and efficiency 
do not differ appreciably from the results obtained for the propeller in the 
open. With the borinontal plane also in place there is a slij»htly increased 
thrust and tonpie, but practically no difference in the efficiency, h'ig. 247 
shows a specimen of the results for one propeller when the vertical plane was 
■; inch from the tips of the blades. Three groups of curves corresponding to 
nominal slips of 10, 20, and ffO per cent, are shown with a line in each group 
indicating the excess or defect of pressure along a horizontal row of measuring 
points. It will be seen that the point of greatest suction is 0 inches forward 
of the centre of the jiropeller, anrl on a line with the centre of the shaft. It 
is worthy of note that there is a diminution of pressure for an ap])reciable 
distance abaft the screw. The results for the other propellers are fairly 
represented by the above ffgure, and the general uharacteristics seem to bo 
pretty constant, no matter whether the pitch is course or line. When the 
vertical plane is only 11J inches away from the tips of the pi'opeller the 
diminution of pressure extends o\er practically the whole plane, behind as 
well as in front of the screw. When the horizontal jilaiie is also in position 
there is an excess of pressure close behind the screw, even to the line marked 
E in fig. 216. The (lift'ereiiees of pressures are jilotted in lbs. jior square loot 
divided by Fig. 246 gives the results in another m,aimer, showing for 
certain selected iiieasurenient spots on the ])laue the ratio between the I’eduo- 
tion of pressure per sijiiare inch and the mean thrust, per square, inch over 
the disc area. These results corroboriite the jiracticc of Fronde m taking 
the thrust deduction as a constant fraction of the thrust. 

Comparison between Model and Full-sized Screws.— It has 
been found on several occasions that the results of fnll-si/.ed propellers 
did not agree with the results wbicb had beon c\iiecti'd from information 
derived from experiments with models of these, and the law of eomiiarison 
began to be looked upon with .something like suspicion. 'I’here were two 
chief rea.sous for thi.s, viz. either the law of comjiarisoii did not hold, or the 
model did not accurately represent the full-sized propeller, ff'o anyone who 
knows about the manufacture of [iropellers it is not at all difficult to imagine 
that the large piopeller did difl'er from its iiickIcI, and to a much greater 
extent that it would be believed jio.ssible. Wo have alreaib' seen that a 
comparatively slight difference in blade section, etc., leads to a consiilerable 
difference in the iinal result. A set of experiments was unelertaken in order 
to prove the law of comparison for.'iropellei's, or to show that it did not hold. 
There were fifteen jiropellers in all used in the exju'i'inients, \iz. five of the 
different diameters 8-inch, 12-incli, 16-inch, 20-inch, and 2 f inch, a .d each 
diameter with pitch ratios '6, I'O, and I'.h. The mean width ratio was kept 
constant at ‘2 and the bk'de thickness fraction also constant at ■012.5. The 
area ratio in all w.as '3151. 'These jiropelUis were exceedingly carefully 
made, the greatest cai'e being b*iken that they were c.xactly alike to scale: 
they were similar to each other to a degree not to be obtuini'd between a 
tank-made model and an orilinary foundry casting. It was an iinfortiihate 
ciucumstance that necessitated the use or very fine springs for the 8-inch 
propellers and very heavy ones for the 24-iiich ones: if it had been po.ssible 
to use the same springs right threfugh for torsion and for thrust, the result 
wi^uld have^been more satisfactory. Figs. 219, 250, 2.51 show the results of 
the tests : if the law of comparison applied exactly end if the experiments were 
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accurate, then there ou^htitt) have been otily one curve of 8 and K,- for the five 
different sizes of propeller. As it is, there are five curves; and the question 



Full lilies eovi'tspoiiil to case in which the vertical plane is only in 
place, and is from propeller tips. 

Dotted linos are for case in vvhicli vertical plane is in same position, hut 
horizontal planealao iii place, (', D^ etc. corrcsjiond to the poiiua on tlo. 24il. 

comes to bo, is it (lossiblo to explain away thi.s difforonco, and show .that the 
law holds almost exactly We say “ almost,” as wo know that the law of eom- 
VOI.. II 32 
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nai-ison is based upon the assuinjjtion of C.xactly siuiilar motions ii/ the case 
of a inocJcl and full-si/,cd propeller, and this entails in fluids the perfect 
continuity of motion. In the actual case there is discontinuity of motion and 
the, resultant eddy motion. So that it scorns as if the law might hold to a 



Fig. 2t9.—Cui've.s of iffioioiicy and cooHicients for various diiAneters. Pitch ratio '8. 


very great degree of approximation, but never could hold e.xaetly; One 
jource of error in the experiments was thi- disturbance caused by the 20-inch 
and 24*iuch serfews; with the smaller pro[)ollcrs this disturbance could be 
neglected, but with the larger ohos the disturbance was great, and pressure of 
time did not allow a proportionate time interval to be admitted between th^ 
runn of the larger propellers. Tt is not thought, however, that thi.s error will 
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have auy aijjjrcciablo ofrcct’oii the l■osnllK. A iimcli more serious soiii’c<‘ of 
error, and one whoso cfloet is rather ditlioidt to gauge witliout o.xperimeiit, is 
that tlie centres of all the propellors wore the same distance below the water¬ 
line, vi/.. IG inches. This, of course, gives a deptli of water ecpial to one and 
a half times the diameter for the 8-ineh screw, but only e<pial to one-sixth 
diameter in the case of tlie 24-ineh propellers. A few preliminary experi¬ 
ments were made with 16-ineh propellers, and these seemed to show that there 
was a slight falling off in thrusi and torejne as the depth of water over *he 
tips was decreased, until, of com .■■, when air began to be sucked, there was a 
sudden fall. 'J’his error, combined with the j)revious one, makes tlui curves of 
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Fio. 250.—Curves of ettioieucy and coelUeie’d.s for vavittus diameters. I’ltcli ratio 1 '0. 


figs. 219, 2.00, 2.51 exaggerate the efl’cet of increase of diameter. Kven not 
allowdng for this error, it is soon that the difference in .actual slip of the 
24-inch projjcller .and the sHp e.ileulated by th# law of comparison from the 
8-inch propeller is oidy about 2 per cent., s» that if all error were eliminated 
the difference would be practi<;ally negligible. It .appears reasonable to 
oouclude that, in the absence of more complete information, which '-an only 
be obtained by elaborate exjieriments with full-sized propcll(^rs, we can rely* 
with a good deal of confidence upon model pfopeller results extended by the 
law of comj)ari8on to fidl-sized proj)cllei's. • 

Cavitation. —In a propeller the propulsive effect is obtained by impart-* 
ing to a body of water an absdlute sternw'ard velocity. Thus the propeller is 
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...mtinually iietiuf; ..n new water, tl.o continuity of the supply being, as waS 
pointed oiit in 187:5 l.y I’rolbssor Osborne Itcynolds, regulated by the power 

the water has to follow the propeller. 

Consider a simple case of a flat vortical board moving lioruontally 
through the water in the direction of its norni.al, and having pai t of the hoard 

above the surface. Consider a small area on the back of the plane h fwt 

below the surface. Ilouever fast the plate may move, the pressure on this 
part of the surface can never be less than atmospheric pressure, because, if 
the pressure is reduced below atmospheric pressure, air will flow in at tne 





Fm. 2r.l.-(’iii v,.s of efficifiicy and coefficients for various diameters. l'it,cli_riitio 1'.^ 

back of the plate if the water does not, and so keep the pressure up to that 
of the atmosphere. The limiting velocity in this case at which air instead of 
water flows in will be given by 11 ^= where a ,s w ft. see units, because 
the maximum velocity at fvhiclf the water cmi flow is that >f ^ 
from the surface falling to the depth h feet. II, however, the lilatc is u holly 
beneath the surface, and we consider a small area h feet below the surface, 
the limiting velocity will be such that the total energy 111 the water is con¬ 
verted into energy of motion, i.c. the velocity is given by 

v~ = 0 > 

wfiere M feet is the head of water due to atmospheric pressure. lf _t^ 
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velocity tif tlio jilato cxcegds this, tiie water is not capalde of attaining a 
greater velocity tlian that due to its head, and thus will be incapable 
of maintaining a continnons flow. Clavities will consequently be formed 
in the water at the back of the plate. This phenomenon has been called 
Cavitation.* 

To extend this to the case of the screw propeller, it is neces.sary to note 
that the propeller acts partly by pressure upon the face and partly by suction 
at the back. In addition, we have a rotary motion of the water about the 
axis of the shaft, and hence a • itnfugal action. Thus the effect in this case 
will be more marked than in the simple ease of the vortical plate. It may be 
seen, therefore, there is a limit to the rotary speed of a propeller, depending 
upon the immersion, cs[)oeially if it is not entirely submerged. 

Messrs Thornycroft & Barnaby’s Experiments, fkwitatiun was 
first noticed in 18!)1 during the trials of the T. 1>.1). “ Daring,” which was 
designed to have a sj>eed of not less than 27 knots. This vessel was of 
7 feet draught, and the stern was shajjed so that the screws had little 



Fig. 252. 

immersion. This immersion was less at full speed than when at r6st, owing 
to the wave formation. The vessel was fitted with uarrow^iladod screws of 
elliptical form, the uinor axis being +/10ths of the majer a*is. The pitch 
was an increasing one fi’oni the loading to the following edge. 

Curve A, fig. 27)2, show's the performance of these screws. The slip was 
too great at iill speeds, and the curve sho^s a large increa.ie from 22 to 24 
knots. The pitch of the screws was slightly reduced, and then gave a per- 
-formance*shown by curve 11. There was an appi-eciable reduction of slip at* 
moderate speeds, but it increased more rapidly' than was anticipated at the 
higher speeds. This led to the conclusion that too hi^h a thrust per unit of 
area of blade was demanded iT these blades^and new propellers were made 
having blades of increased area, the pitcji beiiig the same as in the original 
screws. The performance of these new screws is shown by curve 0. It is 
seen fliat the slip is the same as for H at about 19 knots, but at higher s[)eeds 
it is less, and rises to a maximum at about 24 knots. ■ • 

With the narrow bltules, excessive vibration was oxporiedeed at the stern. 
With the blades removed and with the engines running at the styue speed 

* ,Seo remarks on ji. 320. 
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theru was no vibration, tlins iiidioiitiiig that some vibratory action was taking 
place at the propencr.s. 

Comparing the new screws with the original ones, from which they only 
(litter in area of blade, at 21 knots the slip is rcdnced from 20 per cent, to 
I per cent., and the l.H. I’, from .3700 to 3050. The number of revolutions 
reipiiix'd to give 21 knots with original screws gave 28-+ with the new ones. 
The excessive vibrakjon at the stern disappeared. 

In screws of ellipticid form, cavitation appears to be ])roduced when the 
mea i negative pressure exceeds (if lbs. per^s(piarc inch of ])rojected area, or 
the whole thrust exceeds 11J lbs. per wjuare inch, and probably varies for 
diliei'cntly shaped blades. 

llesults precisely similar to the above w’ere obtained, at the same time, on 
the tri.als of some torpedo-boats. 

The Hon. Chas. Parsons’s Experiments.— These were undertaken 
in couiK.'otion with the “Turbinia,” which was the first turbine-driven ve.ssel. 
The engim's were designed previously to the e.xperiments on the “Daring,” 
referrc(l to above; and as a turbine is more efficient at high th.an at low 
revolutions, the engines were designed to run at 2500 revolutions per minute 
and to develop 1500 H. I’., and the vessel was originally designed for a single 
screw. On the trials, e,avitation was experienced in a veiy aggravated form, 
idthough several screws of various patterns were used. In (rrdcr to 
thoroughly inve.stigate the phenomenon, a series of experiments were made 
upon model screws in a tank of water heabid nearly to boiling-]Xiint. This 
was done to make the head of water above the {(ropellers as near as possible 
to the same scale as that to which the model screw represented the actual 
ones in the “Turbinia.” The revolutions were arranged to give the same 
slij) ratio as that at which the actual screws were working. Ily using heated 
water the phenomenon of cavitation took phme at a smaller rate of revolutioms 
than it would have. Hy moans of suitable appai-atus the formation and 
growth of the cavities were traced. A (cavity first formed near the tip of the 
blade, just l>ehind the leading edge, and increased as the revolutions increased. 
.\t a speed corresponding to the “'rurbinia’s ” j)ropeller it covered a sector of 
the screw disc of 90“. At higher revolutions the screw resolved in a 
cylindrical cavity, scraping off layers from the forward end and delivering 
them to the after end. 

These ex]>erimeuts led to the replacing of the single screw by three screws, 
when no furtluSr trouble was experienced. 

I'hus there ajjpears to bo a limit to the amount of thrust per projected 
area of screws that can be developed. 'I’his limit will probably deiH'iid to 
some extent upon the immorsio i. The solution of the problem is obtained 
by dividing the work between a large number of screws and adopting a 
larger blade area. The experiments of Dr Win. Fronde had led to the 
adoption of screws ha. ing a ratio for maximum efficiency of developed blade 
area to disc area of '25 to 3. The e.xperienc6 of engineers in many cases led 
them to adopt for special purjjdses a larger ratio. Dr''R. E. Fronde, in his 
later experiments, found that a ratio as high as T) in some case.s gave high 
efficiency. Mr I’arsons and other engineers have used a ratio as* high 
y.s ’6 with advantage. 

The reasons that have led to this increased area are that it has been 
foKind that for average seagoing work the thrust which the propellers may 
hi^ to meet may be increased 20 per cent, to 30 per cent, on account of the 
iiead. seas and winds, and in such circumstances it is probable that cavitation 



I’EBSSURES NEAR RROPELLEK. 


343 


itjay oeoiir in propollcra wliich show little or no sign of it in smooth-water 
conditions. 'J’he extra blade area is a margin available for such contingencies. 
The fear that such great areas would bo associated with inefficient results on 
account of increased frictional resistance has Tiot been borne out cither l\y 
experiments on models or experience^ in ships. The results of Taylor’s 
oxper'imcnts on screws with small pitch ratios show that in this case great 
blade area is more efficient than small. 



CHAPTER XXIV. 


APPLICATION OF MODEL EXPERIMENTAL RESULTS 
TO THE DESIGN OF PROPELLERS AND THE DE¬ 
TERMINATION OF EFFICIENCY IN FULL-SIZED 
SHIPS. 

H.4V1.NG (Icsc.ribed iho.se experiments, we ni.'iy now, by conurcte examples, sec 
their up])lioation to the design of screw ju'opcller.s. Let ns ajijily Taylor’s 
results to the cese of a vc.sscl developing 9000 I.H.l’., having three .screws 
driven by three turbines or other motors, each capable of giving oil' .3000 
H. r. to each screw shaft, and collectively driving the vessel at 23 knots. 
I’rom the formula 

(J = 003] 2«SU-'V^ we get 3000 = ’00312 x 3 x .S x It- x 23’’; 

Si)^ = 26’3. 

Lrom this value, if we choose T>, \vc can find a value for S. It is better 
to select dill'erent values for 1) and to draw curves of cHicicncy, pitch, slip, and 
rcvolntron in terms of I). 'riie most favourable ])ropellcr to the given set of 
conditions can thereby be obtained. Selecting values of L) from 4 to 10 feet 
we obtain \allies of .S at which we can set up ordinates in the fin.al curves. 

’I’lie following table shows the results obtained :— 

SU2 = 2(i’3. 


1). 

s. 

E. 

Slij.. 

r. 

Pitch p. 

p{l - 

Ke% 0. 

]i,,Vxl01’33 

{ 

im;5 

60 -r. 

37-2 

It 

•O’” 

3’«8 

’>’32 

;>(!-'■) 

10U8 

r, 

iMi:, 

e.'i 0 

33-0 

1’06 

.'.’,30 

3’95 

(>55 

(> 

‘7A 

69-0 

■.3'6 

1 ’ISa 

7-11 

.5 -00 

466 

7 


71-4 

26-7 . 

1 ”27.’> 

- 8’92 

(>’.'15 

366 

.s 

•411 

73-5 

24’2 1 

3’340 

10’72 

sao 

’288 

9 


75-0 

21-8 ' 

1 ’38ft 

P2’42 

9 ■72 

240 

]0 

•263 

76-0 

19’5 1 

1 

1’410 

14’10 

n’38 

’20.'. 

. - 



1 






The first colirnn gives the diameters that have been selected. 'J'he corre¬ 
sponding values of S arc put in the next column. We are now loft to choose 
width ratio, in this case the width ratio ’275 has been chosen. IVe therefore 
our results from fig. 233, and the series of ’275 curves. Setting np 
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ordinates at tlie values oli S given in the scemid column, wc can read oft tin 
results for 15 the luaximum otticicncy, s tlu^ slip, and 1’ the pitch ratio. Thcsi 
results\ave hecu tabulated iu the next three columns. 

Multiplying 1’ by i), we get the ])itch y/*ni feet. The sixth column givei 
the values of the pitch. 

In the, seventh column the vtdues ol' p{ \ - s) have been put, and the las 
column is the revolution.^ which arc calculated fixun tlie foniiula 11 — 

10 r.l 3 X \ results h.ive ' ecu plotted in curves in terms ol I), ai«(l arc 

p(l -s) 

shown in fig. 2.53. 

Other cxample.s are given. 



Vessel of 9000 I.H.r. and thi*ee Screws. 

Fk;. 253.—‘)0o0 I. ll.T. to one Pro|)pller having three^Bladcs. 

Solectcfl width ratio = *275. 

Selected area ratio ■- '4427. 

S]>eed = 23 knots. 


h'lg. 2 . 0 1 shows the curves for the p^ipellers of the same vessel, only in 
this c»sc there ioc two screws : the 1.11.1’. per screw is therefore 4500. The 
speed being the same, wc get in this case an Sl4“ value of 

Fig. 255 .diowH the curves for the case of a voss|l of 24,000 I.ll.l’. There 
arc thieo propellers, each thsee-bladed. 

]'5g. 256 shows«the.' curves for two different cases of large vessels, each 
with fovir screws. 

• Fig. 257 shows the curves for the [vropcllers ol ttic same vessel as in 
fig. 255, only in this ease there arc two screws; l.ll.P. per sert- v therefore is 
12,000. 'I'he speed is the same as before. 

Application of Fronde’s 1908 Paper.— In giving an example ot me 
method of applying Fronde’s 1908 paper it will be of interest te assume the 
same l.H.l’. and speed as ip a case for which Taylor’s results have been applied. 



\'essel of 24,000 l.H.P. and tlircc Screws. 

I’m. 2f).V—8000 I.H.r. in each Propeller having three Bladc.s. 

Selectctl ratii» —*275. 

Selected area ratio — *4427. 

Speed = 19 knots, 
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Tallo the case of a vgssel Imviug Uiroo screws, driven Ly separate engines, 
each capable of developing .3000 l.H.D. and driving the vessel .at 3.'i knots. 
Kevolutions .'500 j)er minute. Propellers to be tbree-bladed elliptical. 



Assuming that the thrust horse-power is 45 per cent, of the I.H.P., thrust 
horsc-T)owcr per propeller 

= 11 = 3000x0-45 = 1.3.50. 


Lot the selected disc area ratio* bo -1427 as chosen in one of the cases 
already dealt with. • 

* Disc area ratio is lUf ratio of area of jirojieller blades to area of disc circle^ 
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This priilileiii is siniil.ir to that on p. .'Ill, c.vcci)! Miat, for Fronde’s roMilts, 
we must fix on a definite number of rexointions. The results, according to 
Taylo)', are given in fig. 2.5.‘i. 

Application. —For purjwse-s'of design, the (!j and enr\es arc to be 
used and the method of procedure is us follows: - Select two or more ])iteh 
ratios, for which curves on fig. 21 fi are drawn, e.//. Id), 1'2, and Ft, and from 
lig. 214 select two values of the disc, area ratio, between which the selected 
value—’4127—lies, 'lake values of '4 and 'IS. We must determine the 
diamticr and cHieicney for each of the above values of pitch ratio, for ettch of 
the two values of the selected disc area ratios. That is, we must obtain in all 
six' values of diameter and the corresponding six values of ettieieney. 



<36 

|a< 

Si 

pe 

24 
22 
20 
16 c 

14^ 

12 

10 

8 

6 

4 

2 


D/3meC€rs m Feet. 

Vessel ()I 24,000 I.II.J\ and two Sciews. 

Fio. 'l~u. - 12,000 I.H.P. (« eacli IVopclIer Jiuvini^ (Jirec llJadcs. 

vSelected widtli latio- •275. 

Selected area ratio = *1427. 

Speed = 19 knots. 


In order ti> do tnis we must hrst find valuc.s of C,. For values of C, we 
have— 

(n) - I disc area ratio. 

From lig. 214 we sec that B — 'K)') 


b'-’x 1.3ri0 
BV' •10.ox(2;l)' 


•f),)00. 


I! is in hundred^ if revolutions per minul,-, 
II is ill hor.se pox.er, 

V is in knots. 


{h) • l.j disc area ratio. 

B = T07. 

^ !52x 1.3.50 
-107 x‘'(23)'' 


•0490. 


tf we now I'ead oil' from tig. 216 the values of 0^, corresjiondiug to the 
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above valuer of (\, for tlie iiitcli ratios wi' liavc chosen we, j;e,t tlic followiiif; 
values for C,,: — 


Value (tf C<t GorresiK)n<iiiig to 


Idteli lutio. 

] 



' - -0500. 

C^--04!I0. 

1-u 

' -0285 

•028 

1-2 

; -03475 

•03425 

1-4 

•04075 

•04026 

N ow 

" Blin'- 


anil 

,, ll’II 
' HV^' 






i)2ir-! 


and 




Hence, fron, th<' values of t!„ and t\ already ohtaineil, we can find the 
values of L), as \ and K are known ijuantities. 

The values of 1) so found tire 


Values of D. 


rittiJi ratio. 

' - - - 



1 0^^-0600, 

Cj='0490. 

1-0 

! 0-09 feet. 

6-08 feet. 

1-2 

5 ':>2 , , 

5-50 ^ 

1*4 

! 5-10 „ 

CO 

p 

o 


Efficiency. —h'ro a tig, dlfi we find that for a three-bladed elliptleal 
propeller of disc area ratio 0'4u, the \4ilues 0500 and •0490 give the 
values of f for the different pitch ratios, a,s in the following table:— 


• 

yuliif of ( corresjKunH^g to “ ! 

l^tch raiii) 

i 

• 

• • 

1 ’0500. 

i ... 

' 

•0490. 

1-0 

i 

1 -7 

■' • : 

\-2 

1 -705. 

•7075 ; 

1-4 

I -68 

•0825 J 

• 


t 
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Thi'sc results of (lijuiielors and clliciencios have t'* he [dotted to a i'lase of 
total hlade areas. 

In ealeulatino the total area a dtseouiit of "JO [jer eent. is allowed for the 
hossiiii;. 

lienee, total hlade area— ^ xdisc area ratio. 

1 () 4 



Fkj. 2r.8. 


Tho v<a](ies in cases arc 


j Total blaJe area for disc area ratios of 


Pitch ratio, . . 1 

. _'_I 

'■0 9-32s(j. ft. I 9 41 S<). ft. j 

7-SO I 7-70 ., I 

1'^ ■ 6-54 ., e-.’-.T „ 

I 

. I 

I la vino- plotted the values of' * and 1) for tin- two disc area ratios under 
consideration, we can (ind the points 1> and (,). fig. dr.s, winch arc the poiiits 
ol inaxnnum e for these two conditions. By intcr|iolation we can find K 
the point of inaxiniMn, c for disc area ratio -4127 from the relation 


l!0^-4«7--f 427 
(.'l‘ •’45--4' " ijOO' 
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If WO draw an ordin^itc HN 1,hrougli II this will cut the curves of 1) at 
the points K and M. If we then find L such that 

LK 4:17 . 

MK ” 500 

we get the value of 1>=NL corresponding to the maximum £ = UN and 
the disc ai'ca ratio ■4-ii!7. 

A correction for di.se area re^io from '15 to '44:17 should he applied to 



Fio. 259. 

» 

the value of c so found, and is ohtained froTu tig. 21 1. In this ca,sc it^is 
uegligihle. 

Thus maximum c = 70'85 jior cent. 

and l)=.rr'iT feet. • 

• • 

For J’itvli liotio. --If wo consider*1110 Jlropellor of disc area ratio '15, 
and ]jlot the values of D for this pro]>ellcr as abscissie, and the cori'e- 
sixmding values of the pitch ratio as ordinates, we get a curve A '1C! D above, 
fig. 259. 

If we .set off OE^diameter indicated by point !M in fig. 258, then the 
ordinate CK in fig. 259 will show the jiitch ratio of required propeller. This 
is found to be I 13. Tlje same value is found for the pitch ratio^of the 
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point K. If tliesc were different wo should net^d to interpolate iietwcch 
K and M, and so find tlie value of p correspondinj' to L. Hence the i)itc)i 
=jt)I)= MU X 5-67 = 6-41 feet. 

According to Fronde, the ‘“Analysis” pitch is 1'02 tiiucs the driving 
face pitch. lienee these values have to be divided by 1 - 02 , Thusyi -I’ll 
and l’=G’2)S. 

From fig. 2.ad at .')00 revolutions Taylor gives pitch = {!’3 feet, 

and elliciency = 118 per cent. 
l)iameter--.')’8 feet. 



Devel.'piiig ISOO thrust horsc-jiowcr at L'.') knots at 27f' revohitiuiis ]«t rjiimiti.-. 
Fi'onde Elliptical \ . i .■ 

__Taylor ) section. 

-- Taylor, cunal double convex section. 

Screws three-blailed disc area latio '357. 


llcuco a final comparison of the results obtained by the Fronde and Taylor 
methods cun be obtained. It is sh nvn in the following table : 


Fronde 

'I’aylor 


i Klliciency. ! Diameter. Pitch. 

! _ , 

I . ! 

; 70*85 per eyiit. ■ .5’07 feat | 6’28 feel 

i 

I -68 ,, I 5’S ., 6’3 ,, 



—which shows a very close agreement between their e.vpieriiuental results. 
It should be, however, noted that the forms of Fronde’s blades differ from 
Tatylor’s. 
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This question of the ctnnparisoti of the experimental results of I'^-oiide 
and Taylor has been investigated by Mr T. J!. Abell, TI.C.N.C,, and the results 
published in the Transactions of the Institntion of Naval Architects for 1910. 
In making such a comparison, consideration nnist be given to the diflcicnt 
systems employed of fairing the exjjcrimental lesidts, the diUcrencc in the 
notation in which the results are expressed, and the difference in the fonns 
of the blades. The chief dilfcrences in type of blade ai, the proportions of 
boss diameter and of root thickness “^o screw diameter. Taylor’s experimenial 
screws ai'c much larger than a.onde’s, their diameteni being respectively 
16 and 9 6 i.iches. As Taylor only experimented with three-bladed screws, 
the comparison is only made for this type. 

The conclusion of the analj'sis is that the two sets of results ai'e veiy 
fairly consistent, due allowance being made for tbe differences noted above. 
The greatest inconsistency is in the variation of efficiency with disc area 
ratio. ]<’ronde stales that tlie decrease! of efficiency due to alteration in 
the area of a jeropeller by widening the blades is constant for all slips, while 
Taylor states that the .ulvantage of narrow blades is greater at large 
than at small values of sli]). 

Fig. 960 ..liows tbe I'esnlis of a case worked out on the two bases. It 
will 1)0 noticed tiial the pitch of Taylor’s blades aie slightly greater than 
Fronde’s, as is also tbe • fficieuc) i.ntil we reach lego diameters. This shows 
a fairly clos(‘ .igreement with the case we have already dealt W’ith, the results 
of which are given on ]>. S52. 

Determinatioi; of Efficiency of Propellers in a Ship from Results 
of Steam Trials —From steam trials giving the relation between I.II.F. 
or S.IT.F. revolutions and speed it is possible for a given design of propellei", 
upon whi(.t!,i model experiments have been made, to determine the efficiency 
of the propellers in the shi]). Taking the case of a turbine-driven vessel 
we have 


S.H.l’. - It'OOO Ttevs. = o00. Speed = 25 knots. 

1). = 75" lllade area 2871 sq. ins. 

1’. = 79" I’rojected area 2649 „ 

4 shafts Iliac area 4418 „ 


By means of Fronde’s curves we can find the propulsive coeflicient 
of the vessel, and che efficiency of the screw. • 



Analysis. — “Analysis'’ Disc area ratio. —The blade area given above is 
the total ai’ea of the outline of the blade to tjie root of the blade. In com¬ 
puting the totol blade area for the ship propeller from the diameter and disc 
area ratio* a discount of 20 per cent, is allowed for the bossing. Hence to. 
obtain the disc area ratio for analysis a correction of _20 per cent, has to be 
applied. 

„ ,. • . 100 2871 

Hence disc area ratio = -- x 7 .== 

80 4448 


= 0-8125. 


The Analysis pitch is 2 per cent, greater than the piteji of the driving 
face of the screw = 1 -02 x 79" = 80"-68, , 

and . -. “ Analysis ” pitch ratio = = 1 ’074. 


mL. II. 


23 
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Speed o//»-opeW(!r= Revolutions per minute x Analysis pitch ” *■ 
= 500 X 80'58 inches per minute 
500 X 80-68 X 60 , 


and slip ratio = 


. „ „ knots 

12 X 6080 

33-13 knots 

Speed of propeller - speed of ship 
Speed of prop'^ller 
33-13-25 8-13 


3313 
S=--245. 


■33-13 


For purposes of analysis of steam trials Froude recommends tlio .r, y curve, 
fi>:. 215. From the above value for S vve have 


_1-0133_1-0133 
1 - S -750 

and from the curve tig. 215 y =-00133. 

p II 


= 1-342. 


Now 


^ B(jO + 21)^ U-V^ 


\Vc know- // and have now to find 15. 'riie propellers are throe-bladed 
wide tip. From fig. 211 w-c g'et for disc aix-a ratio -8125 a value of 15=-127, 
and from this the Thrust Horse-Power, 

H - ■—'1^ ^ 22-074 X {75)'-i x (25)- 


(12)-; X 1-074 


H18. 


If we assume hull etficieucy as unity, and therefore T.H.P. — F.H.P., 
and write l.ll.P. for S.H.P., wo cannot be very far wrong. 

Then propulsive cocfticient = 

■ =47-1 per cent. 

Ejlifiennj of Vropeller. —From fig. 215. F’or x = 1 -312 and pitch ratio 1 -074 

£=-709. 

'Phis is tor a tbree-bladcd elliptical pi-opellor of G-45 disc area ratio. 

The propeller is a three-bladeu wide tip of 0-8125 disc area ratio and 1-074 
analysis ” pitch ratio. 

We must therefore apply the following nm-evlUme :— 

Correef' ,.j for throe-blade wide tip= -020 deduction. 

(.iorrection due to disc area ratio | , , .. 

and pitch ratio'from tig. 214 J ='iduction 
Hence total deduction = -072 
and .-. correct etticiency = -709 - -072 = -637 
= 63-7 per cent. 

This assumes that the actual blade is of the same form as Fronde’s “wide 
tip ” blade. ‘ ^ 

We have thus determined the propidsive coefficient of the ship and'the 
effieiency of the propeller. 




CHAPTEK XXV. 

RELATION BETWEEN INDICATED AND SHAFT 
HORSE-POWER. PROGRESSIVE SPEED TRIALS. 

Jn rcoi])rocaHiif; (aif'hira llu' ]iowr-r .Ic.veloped is moasured by nicaiis of 
indicators, w licli fjivc a ^r.ij)l.io,al |■oprc■Sf!^tation of the ])ress>ircs in llio 
cylinder during the whole stroke of tlie piston. Knowinir tlio length of 
stroke, area of piston, and nnni''er of revolntions ])er minute, the horse-power 
:levelo])ed in tlie e\...id;'r can he caleidatial. The power thus obtained is 
called the indicated horse-p<A\er, or 1.11.1*. 

With tiirbincs we are necessarily forced to adopt some other method of 
measuring tlm ])owcr devilopod. This is ett'ee.tefl by the use of toi-sion 
meters (sometimes ealled torsiometers), which register the amount of twist 
in a given length of shafting. From the modulus of rigidity of the shaft, 
its dimensions and revolutions i)er minute, tile amount of horse- 2 H)wer actually 
passed tliroiigh the sliaft can be measured. Tliis is know7i iis shaft horse- 
[)owcr, or S.H.l*. 

For comparison between i-eeij)rocating and turbine installations it is 
iieccssiiry to know tlic relation between tlie I.IT.l*. as developed in the 
cylinder and the S.H.l*. actually tramsmitted to the shaft, fn recijtroeating 
engines the l.H.l*. develojted is sjtent partly in friction of pistons, glands, 
bearings, and thrust block : also in the auxiliary machinery which is worked 
off' main shaft (air numps, etc.) ; and the rest is trinismittc'^ to the screw 
through the shaft. ICxjioriments have boon made to dctcrmftie these losses, 
hut these could not be made on a V(;ry large scale owing to the difficulty of 
constructing a dynamometer cajiable of consuming sufficient ])ow'or. From 
the ex 2 )eriments it was found that 1'2| to fh [jer cent, of t..o 1.11.1*. is used 
before reRching the projiellei'. In the case of modern vessels the loss may^ 
be as low as 7 per cent., but usually is from 10 to 12 per cent. 

Hence a ves.-icl with reciprocating engines, the nft^vnre of whose iK)wer 
is 10,000 l.H.l*., c.an only fVliver *1)000 S.H.l*. to the i)roi)ellcrs. The 
efficiency of turbine tiiachinery is, how(!ver, ^eator than reeijirocating, so 
that generally for the same boilers a greater S.H.l*. is delivered to the 
propellers. It is usually considered that the turbine is 1-0 per cent, 
more efficient in the use of the steam, while the friction losses .,re aboijt 
2 per cent. • 

Thus, for a given boiler installation, we* luive the following comjiarison 
between reciiirocating and turbine machineiy. * 

For every llfi H.l*. developed in the turbine we have 100 11.P. in»the 

3r..t 
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reciprocating engine. Friction losses are 2 per tenl. in the former and 10 
per cent, in the latter. Thus in actual S.H.]'. we have 

y 2xll5\ 

(115-™ turbine against 

(100 - 10) in the reciprocating engine, 

I.e. (115-2-3) ; 90 
112-7 ; 90 

1-25 : 1. 

Thus, in any system of boilers, if we add 25 per cent, to the S.H.P. that 
would be developed by reciprocating engines, we get the S.II. P. developed 
by the same boilere in a turbine. In other vyords, the turbine is 25 per cent, 
more efficient. .Some of this gain i.s lost in t^propollcr (see C8mp. XXIV.). 

Progressi-ve Speed Trials. —When a shiji is read)- to be tricid under 
steam a scries of trials is made, as far as possible under the conditions of 
service for which she is intended, with a view to determine the relation 
speed and ])ow(n-, and to tost the working of the machinery. For this purpose 
the vessel is run at successive speeds over an approved (-o'lirse, and records 
ar(' taken of— 

(«) llcvolutions of engines. 

(0) Pow('r developed. 

(c) .Speed of ship. 

(a) lintioiitlions of EwjiHes .—Those are measured by means of mechanical 
counters in the engine-room, and sometimes by grajihic records on time 
cylinders. 

{V) Poii'ei- ileneJojied .—Tn the case of reciprocating engines this is measured 
by engine indicators, and by torsiometers in the case of turbines. 

(c) t'ijieetl of Shi/i .—This is taken over a measured distance, usually a 
nautical mile of 0080 feet. F'our jx>les P (fig. 261) arc placed on the seashore 
such that the lines P P joining them as shown are a mile apart. 

The course taken is perpendicular to these lines, iind is shaped by 
compass. In some cases buoys B give the best channel and apj)ro5iimate 
path. The ship must be run on the straight before reaching the mile, so 
that when she enters the measured mile the speed is uinform and up to the 
desired amount. After finishing the mile she is kept oi' the same course 
for nearly another mile, so that after turning she \.i!l have sufficient distance, 
to run to get to a uniform speed .again when runni.ig through the measured^ 
mile in the opposite direction. ‘ • 

('onduct of Trial .—Shortly before entering the measured mile the uelegraiy 
bell is rung from the bridge to the engine-room as a warning. As soon as We 
course is entered a Sg /jj-watch is started and the telegraph boll is again rung 
to the engine-room, so that the counter^ may bo road and diagram.s or torsio- 
meter readings taken. Whei^ the mile is completed the watch is stopped and 
the telegraph bell rung to engine-room. Thus a complete account of the 
revolutions and horse-power while running through the mile is obtained, 
together with the time taken. 

Sources of Error .—The course may bo too oblique or is not sti-aight. 
This will cause an error in the speed measurement. If too short a turn be 
taken, the ship may not be at uniform si)eed on the return journey. Some 
of t!ie thrust will then be used in acceleration. The rudder may be worked 
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-too muclf, causing an erratic course and also a drag. The other factors 
affecting the results are the tide and wind effects. These are generally 
present. 

Effects of Tide and Wind .—The effect of the wind may not be the same 
positively and negatively in the two directions on the mile, and may not 
cancel out on both. Helm may have to be carried each way. The effects 
are augmented if the wind is variable. The lofty f ections of modern 
passenger steamers add apprcciabl'' to resistance, so that estimates based 
on old steamers or model expo., ments alone must be modified to allow for 
the character of the dock erections. 

The effects of a varying tide during the trial arc eliminated by taking 
the Admiralty mean, or witoa cf means. Usually where tides are about two 
miles per hour, for a large shiji four runs at each speed is sufficient. For 

♦ P 



special accuracy six are made. This is done in the case of sm^il vessels, such 
as torpedo-boats or desti'oyors. With a tide speed not exceeding one mile 
per hour little inaccuracy's likely to result from taking only two runs. The 
greater the ma.ximum tidal speed the greatcr,must be the vio iation in speed 
if the time over which the variation takes place is constant. The rule for the 
mean of means in the ease of four runs is 

V = I (aj + + Siij + 71J, •■.. 

where Hj, v.,, and are the individual speedy registered. In the case of six 
runs the rule becomes , • 

n = + 5i) 2 -I-10('3 + + Vj).* 

It is essential that the runs should be taken at eipial intervals oi time. , 
Another metlnKl of oliniinating the error duo to cbaitgc of tide, and, 
incidentally, to obtain from the recoi’ds the speed of tide at any time during 
trial, is as follows:— ^ 

Let J'j, fj, etc., be the aotual speeds relatively to the water during»the 
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successivfi runs, and Vj, Vj, etc. the recorded speeds. Then, supposing the 
first run is against the tide, we have 


tide during run 1 = - V, 

,, ,, ^ “ ^2 ” ^2 “ ^'^’2 

„ 1, 3 = ^3 = A:t)3-V., 


and so on, where h is piwstically constant, and will be /e”" nearly unity. 

The values of v^, etc. can be obtained by observing a floating object 



which is far enough away fiK>in tlje vessel so as not* to have its position 
influenced by the wa*e motion due to the ship’s progress. 

Tf we assume values of Ic and plot t in'torm'Ti of the time of day at which 
the auccessivo experiments were made, we shall get a curve of tide in terms 
of time of day. This curve should bo a fair one. The ciu'ves d. duced for 
different values of h are zigzag in form, but by trying scv(;ral values of ^ a 
fair curve can be found. 1 

This has been done in a special case, and the curves so obtainedxvre shown 

in fig. 262. 
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Analysis of Speed Trials. —For tlie pur[)ON". of onalysis of spoed trials 
W. Froude introduced the term “indicated thrusl,” wliicli is 

^33000 x l.H.l*. 

j)itc'h of propeller x revolutions 

'i'his is the thrust which the propeller would he exeiiiiif' if the force of the 
steam were employed in creating thrust only. It may he divided into the 
following parts:— 

(1) The useful thrust, or ship’s true resistance. 

(2) The augment of resistance, or thrust deduction. 

(31 The frictional resistance of propclhu. 

(4) The initial or dead-load friction of the engine, duo to the weight of 
the moving parts causing friction on the hearings, the friction duo 
to piston and glands packings. 

(•')) Friction of working load which is duo to pressui'e on the hearings due 
to steam. 

(0) Power ahsorhed in air, feed, and bilge pumps worked off main engines. 

Dead-kmd Friction of Engines .—The use to which the results of the speed 
trials arc put is in the determination of (4), the dead-load friction. This is 
done as follows :— 

Let < 1 ., 6, c, d, fig. 263, represent the several values of t he indicated thrusts 
as obtained from the trials at different speeds. 

A fair curve is drawn through those spots. AV’e re<prire the shape of the 
curve helow’ the lowest speed, so as to get the ordinate at zci'o speed. 

To do this, assume th^thc resistance of a shij) at low speeds varies as 
V'-s", and draw a parabo^^f this order so as to form a continuous curve with 
that already obtained. 

Through re, the lowest point of the curve obtained, a tangent of is drawn 
to the curve and a lino ah is drawn parallel to 01'. 

Divide Oh at h' so thatVw = 0-h7, and draw' a line through h’ parallel 
hh 

to OY to cut re/' at g. 

Then if gk bo drawn ])arallel to OX, Oh gives the ordinate at zero speed 
which is the indicated thiaist required to overcome the dead-load friction, gk 
is a tangent to tho curve at k. 

This construction was made for several cases and gave results which 
coincided so well at the point a and for some distance above it that the 
assumption seems to he justified. 
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CIIAPTCR XXVI. 

GENERAL CONSIDERATIONS OF THE MOTION OF 
A SHIP WHEN AT SEA. 

WiiKN a ship is ill luotioii at sea it is usually acted upon by many forces. 
The wind, the sea, the thrust of the propeller, the action of gravity, .all pro¬ 
duce forces varying in amount and direction. 'J'o consider the effect of all 
these forces upon the vessel, it is necessary for some purposes to consider 
them detail. For instance, for purposes of determination of strength 
locally, it is necessary to consider local forces. For purposes of general 
determination of strength, the forces must he considered in combination. For 
the motion of a ship as a whole, under the action of many forces, we may 
consider these forces in detail, to determine the motions of parts of the 
structure in relation to each other. But these motions in all cases produce 
forces or resistances to relative motion which balance the forces producing 
the motion. The bending of a beam produces resistance, to bending, in the 
form of tension on one side of the beam and compression on the other, to an 
extent that just balances the forces applied. But these resietance forces can 
only be developed if the end of the beam, or some part of it, is connected or 
supported to some other part of the structure. The reaction of this support 
will similarly develop resistances in the ather part of th- structure, and in 
turn wll demand support from another part, until every part has been acted 
upon and has reacted, and has in each case developed resistance forces aftd 
has called for support from adjacent parts. Thus* the whole structure has 
transmitted through it the <!ffcct »f each single force, until finally there is 
nothing loft to give*3upport and the body has to move. It is evident that as 
each resistance force is developed only b_f, and exactly to the amount of, each 
api^lied or reactive force, that these resistance forces m«st all balance the in¬ 
ternally applied reactions, and leave finally the external system of f irees which 
tends to move the body. While these forces balance eagh other internally, 
they cannot be neglected, as we have already seen in the part dealing with 
Strength. They are of tlie utmost importance in determining the character 
of the structure and its scantlings. But, except to the extent which (;fiallge 
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of form aH'et Is tho extcrniil fortes, tliey do not affect the actual niction of 
the body as a whole, though they determine the change of form which takes 
place in the body. Thus, as this cliauge of form is generally very small, in 
studying the motion of the strudturo as a whole, the foi'ces acting from the 
outside may be considered as if they were acting on a body that is absolutely 
rigid, and contained no material which could change its form, and thereby 
develop resistance forces. 

IVe will consider tlic cHcet of the forces upon the motion of the body. 

Take the usual principal planes in a ship as planes of references, with (1 as 
origin (fig. 201). 

Instead of studying the comjdex motion of the shi]) as a whole, we can 
divide the motion into a motion of translation of the C.GI. .and a motion of 
rotation about it. The rotational motion with which we are now principally 
concerned is that about the axis t« X, and is spoken of as a ‘'rolling" motion. 
If we asume the ship to rotate about this axis, the wedges of submersion and 



emersion tend to eoualiso, but are not equ.al, and hence their vertical resultant 
causes a motion of translation of (1 along (.1 Z (fig. 261). This is called a dipping 
motion, and will'be dealt with later. We have .also a motion of rotation 
about G Y, which is known as "pitching," and will ahy be rcferrctl to later. 

A Consideration of the Forces acting upon a Ship when 
inclined in Still Water. —The orces acting on a ship wlnm heeled over 
and in ecpiilibrium will keep her there. These forces (see fig. 265) must 
form a couple, a])i)liod in .such a manner as to balance the righting couple 
W.(iZ. If some of •' u forces, such as wind pressure, were suddenly 
removed, we should hlive an unbalanced coupl 3 = W.GZ - whatever is left 
of the external couple. 

This \inbalanee/l couple will be eft'ective in setting the ship in motion ; 
and if there were nO resistance offered, would cause the vessid to be ir a 
continual state of motion. Under these conditions, since the only forces 
actiVig on the shiji are the balanced vertical forces of weight and buoyancy, 
G cannot move horizontally. Also, as the displacement is constant, K the 
(icntre of flotation (fig. 265) cannot have a vertical motion. Hence if we 
drehv a vertical line F U and a horizontal one G 0, an axis through the point 
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C will ♦ic the “ instantaneous axis* of rotation ” of the ship.* This is known 
as “Moseley’s Con.struftion” for'tho instantaneous axis. Mons. Berlin made 



Fig. 265. 

a scries of expei-iments on an actual vessel to determine the exact position 
of this axis, and fouu<’ it to hv 'cry near the C.t!. of the ship. 

Consider the general case of the motion of a body about a fixed axis. By 



. • Fm. 206. 

the principle enuneiati^ii by D’Alembert^ the ^internal forces balance, and the 
external forces with the forces of inertia reversed form ai^ithcr balanced system. 

• bet the fixed axis be perpendicular to the paper through O (fig. 266). 
Let G he the C.G. of body and its coordinates be (.c, /?) referred to tho^lxed 
axes 0 X, 0 Y. 

Let I’ be any particle of mass m. aud*(a:, y) its coordinates. . Then, if X 

See also p. 424. 
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and Y arc the exUmial forces acting on the body in the directions paiallel to 
the axes O X, 0 Y respectively, 

X.5.* 

''-"••S' 

Shift the origin to G, and lot {x, y) be,tthe coordinates of P relative to 
the new axes. 

Then x = x + x' 

y-=y+y' 

also 2wt.r = M.t: ) , j i , 

V M - 1 where M is whole mass of body 
2w(.y .= !\I// ) ■' 

and 5»iJ'' = 0 1 . ri • it /-t Ill 

—0 I ^ body. 

di- dt^ 

M d'^x ^ 

= 0 . 


Hence if we substitute in the values of X and Y the values above of 
r. and y we obtain 




Hence for the motion of translation of laxly we can suppose the whole 
of the mass to be concentrated at the C.G. 



Fio. 267. 


For rotation about G. In fig. 267 
Let i’G = r 
ai^^ngjo PGQ = fi. 
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Th^ the acceleratiiJn of T at any time t perpendicular to GP is 


Hence fofoo of inertia perpendicular to G P of particle at P = »»r 
And total moment of forces of inertia about G 




df^ 


- 'S,mr‘ 

^ 1^61 

di'^ 

where T is the moment of inertia of body about an axis through G per¬ 
pendicular to the paper. Hence the moment of the ex- 

ternal cou])^i e(|aal to ■ It is tliis equation that is 

the basis of tlie nrithemiitical treaiuiont of roUinjr of 
ships. We will now «^(> on to consi V/ the case of— 

The Simple Pendulum. —This is the sim))lcst case 
of an oscillating body; and as the oijuations of motion are I 
of exactly the same nature is those wo have in the case j 
of the rolling of .. .ship, it is instructive to study the 
motion. 1 

Let I be the length of pendulum, m the mass of the 
bob (fig. 268), 6 the inclination to the vertical at any 
instant, and T the tension of the string. i 

As the motion of the bob is always perpendicular to ' 
the stirng, since the string is assumed to be inelastic, the i 
sion will not affect the motion, ' 


tension T will not affect the motion. 

At any time t the acceleration of the bob in the direction I 
I increasing is ' 

4^6 1 


of & 


dfi' 



The resolved force in this direction is 
- nKj sin 6, 

and therefore the eipiation of motion is 


Fig. 2G8. 


ml' 


m. 


- nuj sill 0. 


(P0 g ■ 
df^ 'l 


61 = 0 


U) 


Small osctllalioHS. —1/ 0 »■ 
(1) then becomes • 


smalV, then for sin 0 we can write 0. Kquation 

0 . . . . ( 2 ) 


d^O •g^ 

di-^^r- 


Tho solution of this equation is of the form 

6 = A sin jof - 1 - li cos jof, 

where A and B are arbitrary constants, their particular values in any one case 
denendinc' upon the circuiftstances of that particular case. 
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From this value of 6 we have 
d~0 

—H = — Ap'^ sill pt - cos pf. 

at” 

Suhstitutiug these values in equation (2) wo get 

- Ap^ sin pt - cos pt +^(A sin pi + B cos pt) = Q. 

^Jiuce the leffc-liuiid aide of the equation is identically equal to zero for all 
values of ^ we must hare the coefficients of sin pi and cosy*/ each separately 
zero. 

Ap^ = ^.A 

or = 

Hence the solution of equation (2) is 

S = A sin f,y/j + Boos .... (3) 


Insiiecting tliis (Miuation, we see that if 

^^=“ <>’■ (27r + a) we get the same value for ft. 


Hence hetween the times given liy 


111 t ^ (271 + a). / “ 

V a 


the motion hits gone through a complete cycle, ;ui(] is in precisely the same 
state jis liefoi e. 'I'lie time elapsed beta ecu /, and is obviously the time 
taken to go through tliis cycle. This time is cidled the iiKtlhemalintl period 
of the motion. If ve denote this by T we have 

T = (t.,-g^2,ryj, 

which is the usual forimda for the period of a simple pendulum when making 
small oscilliitions. 

n7i«i the iiKitiou is wit small, 

we have the equation sin ft — 0 ..... (1) 

dfl I 


This equation cannot be solved exactly, and methous of aiiproximation 
have to be applied. The usual method is to solve for 

(10 

I'f we multilily equation (1) all through by 2 — we get 


.,<i^d6 
“dtt dt 


.M . ndO 
24sra ft— 
I dl 


= 0. 
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(M 
dt 

follows. , 

Let a be the maximum angle of swing from the upright. Then when 

ff = a 



= A + cos 0, where A is a constant whose value is determined as 


And .'. 


^ = 0 
dt 


since the ponuuh'm is then at rest. 


0 = A + 


‘Id 

cos a. 


A = - y COS a 
Mid ~ Y ^ ~ 

../^(cos (9 - cos a) since T — 

-TT J :2(cos 6 - cos a) 


wlierc T is the time of a small oscillation, 


X r 

oi ^ “ 27r I s/2(cos 0 - cos a) 

where i„ is the time of a complete oscillation for an angle a to the upright. 
The above integration has to be performed approximately, and the results 
are as follows :— 


I failles of a. .Small. 30°. 

1 ■■ 

Values of T» I T j 1-017T 
wliere 

From this it will bo seen that for aiigk* of oscillation up to .10" from the 
upright, the iieriod is less than 2 per cent, above that for a small oscillation 


60 ". 

90". 

1 

]f»o". 

180". 

1'073T 

1*183T 

j r373T 

1 762T 

30 




CHAPTER XXVIJ. 

UNRESISTED ROLLING IN STILL WATER. 

Definitions. —Tlie c of Oscillation is the angle from eid^ue roll to VoB 
to extreme roll to Starboard, or vice versa. This is geiierulfy spoken of ■ 
from “out to out.’’ The Period is the time taken by tlie vessel to i 
tliroiigli the are of oseillation. Tliis is half the “ mathematical period.” 



Period of Oscillation of a Ship in Still Water. —Con.sider tlie .ship 
to he heeled over to an angle 0, fig. 2Gi). Let I he the mass moment of 
inertia of ship about the axis jf rotation, which is> assumed to pass 
through tl. 


Tlien I 


cm 

dO 


external couple, and is reckoned positive in the direction of 6 


increasing. 

Hence ^ --- - W.OZ, fig. 2G9, 

dt‘ 



w.oz=o. 


To integrate this eejuation we must express (I Z as some simple function 
tiL 6. If 0 is small we can write GZ = >aS, where ?/t = (j!M the mctacentric 


^dit.. 


3G8 
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' Witlwthis assumption the e<jaati*on becomes 

<j di- 

where K is the vndins of fjyratii'ii of the ship about tlie longitudinal axis 
through its O.U., • 

or + = 0 . . . (1) 

Comparing this with the case of the pendnluiii, 
wo see that the mathematical period of motion is 





(jm 

or the peviu(1 of roll, a« cicnnod, is given by 
rp /iC' 

J =7r. / 

V I/M 

T is called the “Xa'iial Period ’of the ship. We 
see that it is independent of 0 up to the angle at 
which the (1 Z curve coincides with its tangent, and 
that the rolling is - Isochronous’’ within these limits. 

If the “Metacentrio Kvolute’’ is the involute of a 
circle of radius (i M and centre ti, we have (fig. 270), 

(fZ = P'.,l, where Q is a point on the “ iletacentrut 
Evolute ” 

= arc PM 

= M.&. 

Near the value 6 = 0 the M curve is appi’oxinnately of this nature, and we 
get isochronous rolling for a fairly good range of 0. 

The General Solution of the above equation, comparing it with the 
pendulum case, is seen to ho 

d = A sin r /'/'"+ llcost 

V K 2 V K 2 

which may be writtow • 


Fiu. 270. 


d —Asm 


wt ,, 7rt ■ ni i Iv^ 

-+l.cos^, Since 


The values of A and B tJj detolaninod fioin the particular circumstances 
of the motion. Thfls, suppose the ship^btaf^|s initially at an angle o to the 
vertical, with angular velocity U. 


Then when 

.Mso when 


; = 0, ^ = tt. 

a = B. 

< = 0 , 

dt 


VOL. 11. 
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T.T d6 TV . ttI tt,, . vt 

Now , =-Aoos^-.j^Bsin^, 


(U 

V-- 


n,A, orA = 


TTI 


And for tliis particular case the solution bocoinos 
TU . irt ^ ttI 


6 ^ 


siu +aco,s ,p. 


.Similarly, the value.5 of A and B foi’ any other set of conditions may be 
found, the fjeneral solution beiiij; the same for all cases. 


\Vc liave seen that 


T = ?r 



It is essential, especially in the case of warships, that T should be as large 
as possible. The value <>{ K cannot Ix' altered nnich, so that m should be 
kept as small as possible. 

The following arc the values of T for few cases. Knowing 
T and ;/i, K can be calculated. 1'he ratios of K to 11 the beam are 
also given. 


VeHsc], 

G.M. 

T. 

VuluCH 
cl' K. 

i 

i II. 

K 

i;' 


feet 

i secs. 

feet 

1 

1 fert 


“Kesulutioii ”. 

3-5 

: 7-.’i 

: 25-4 

1 75 

' -34 

Paris and Nf'W Volk 

to 

■ lO'd 

18-1 

1 03 

•29 

Large Allantio Linei.s 
(400 feet and over) 


5 S-7 

18-8-20 

50 

■38-'4 

Gunboats and Destroyci s 

2-0-2 6 

5-2 

5-7-] 2-8 

24 

•24--53 


In small boats K is small, and so T cannot be very greal. 

Cargo-carryinp vessels, when light, till up their ballast tanks. This may 
cause a great G M, and hence a very quick rolling ship. To got over this 
difficulty' variou.i methods of fitting these tanks have boon suggested. Two 
of the best known ai'e shown in fig. 271. 

If the GZ Curve is a Sine Curve. —This is the case of a sub¬ 
marine or circular vessel. It is sometimes true for an ordinary' vessel 
up to a fairly' large angle of heel. In this case (see fig. 271') M is 
.a'c the centre of the circle and 


(IZ — GM sin 6 
= m sin 6. 

i/ 

Thus the equation of roll becomes 

_+_sme=0. 

This is jjrecisuly the same case as for large osciliations of a pendulum, and 
has alraady been dealt with. See p. .366. 
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In ftie report on tlTe loss .of H.IM.S. “Captain, ’ Professor liankine 
proposed a solution for a low 'reeboard ship. Ho ooiisidered the curve 



I 

I 



dray’s i’uteiil. Raylt(iii-l)i.\uii'.s Patrnt. 

Flo. 271. 


to be a curve of sines. Suppose sneli a vessel to have a range of I!” 
and to be oscillating to an angle a. Then, if wc find such that 

ISO K 

we shored expect that the period at angle a would e.xceod the period for 
a small roll in the same ratio tliat the ])ei'iod of 
a pendulum at <j> degrees exceeds the period for 
a small oscillation of the pendulum ; r,</. - Let 
R - GO" and a = 30 . 

Then or <jb = 1)0", 

ISO GO ^ 

and from the table given on page 3G7 the ratio is 
1T83. Thus the period of ship rolling through 30' 
should be ITS.'i times the periorl when rolling 
through a small angle. ^ 

Unresisted Still-Water Rolling in the 
Case *of Vessels of Small Metacentric 
Height. — It was pointed out by Professor | 

Scribanti in 1904 that in the cajie of a vessel . 

with small metaeentric heij^it the approxiyiation 1 

for G'/i — mO will ifaid to erroneous rc>*ilt.s. • We Fio. 272. 

have seen that the equation of unresisted rolling is 



d‘e 




Scribanti assumes that, in the region of me waierline, the shi]) has vertiqjil 
sides. Hence the “ wall-sid(?d ’’ formula for the value of CZ in the case* of a 
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rcctanf;iilar lx>x will aj)j)ly. This foniiula is 

(iZ = sill^((IM + n3M tan* 6).* 

If 6 is small we can write * 

= sin 0 = tan 0. 

Hence the equation of roll becomes 

(it- Iv- 2K- 

Wherc 15M = p. 

This (litfers from equation (1), p. 369, in the last term. It should bo noted 

* Wall-sided Formula. —If a wall-sided ship he inclined, then within the region of 
wall-sidedness tlic inclined waterline W, L, passes through C tlie centre of W L (fig. 273). 
Let B|| li| he the C. li. in upriglit and when inclined tlmnigh angle 9 re.spectively. Let x, y 



Fio. 278. 


he the sliift of C.ll. parallel to and perpendicular to W L respectively. An elerncntal 
length dl of snhinergi-d and emerged wedges forms triangular (irisni.s. 

Let h be the half-breadth of ship at this elemental wedge, p,;/, are the centres of gravity . 
of wedges, and are pcrpendicujar to W L. Then /i,/!,,- 5t,aud ;/,A, = tan 9, 

Volume of elemental wedge. »-= !.lr tan ftrt. Let V he volume of di.splacemeut ofsldp. 

’■ Then Vx tan 

— tan = I tan 9 

where I is the moment of inertia of the waterplone tV L about its centre line. 

Similarly, I';/= lr(gt|/i, 

=2)19- tan \,dl\h tan 9 
, = i tan'-* 

= i I tain e. 

«■=■ ttan tan 9, and y-~.^ J tan** 9--JB||M tan'-' 0. 

Now GZ=a' cos 9-1-1/ sin 9 - B„(! sin 9 

-sin 9(B(,M + JB||M tan'-* 9 - B/i) 

= 3in 9((lM-h JBjM tan** 9).' 


WNRE8ISTBD KOLUNC, IN STILL WATER. 


that th»smaller ni is, th»smaller is the second term, and the motion depends 
more upon the value of f> than m‘. The solution of the above eiination is of a 
very complex nature, and loads to the following results. 

If T,„ is the period calculated from the equation and T the period 

calculated from the formula T = tt. / 

V two 


(a) h’or a battleshijr of (1 M 3 feet ..... 

(b) For a large Atlantic Ihu'r of weak initial stability, ti M 

I inches ......... 

(c) As an extreme case of very weak initial stability, (I M — 

a inch. 




. = 1-31. 


2-98. 


.Soribanti also studied the case in which //t = 0. Then equation becomes 

The rolling is not now isoelironous. 'I’hc solution of this equation is 

“ !/!>’ 

where a is the maximum angle from the upright. Thus the greater the«anglc 
rolled through the smaller is the period. Soribanti veri- . 

fied the results by making experiments upon a model. I 

Stresses set up in a Body due to Harmonic /<'+X 

Oscillations.—Take the case of a rigid body suspended ' \ 

by an axis through 0, fig. 274. Let G be its centre of / 1 I 

gravity, distant k from 0. / I ] f 

Let 0 bo the inclinatioii of 0(1 to the vortical. M / i \ f 
the mass of tire pendulum. Then the equation of motion / / 

of the body is / b. I \/ 

M + Mr/A sin 61 = 0 111 

' - I 

where K is the radius of gyration of body about O. ,1 

d’O I/A . . „ / ^ I I 

— +'^, sin 0 = 0, / / 

df- K’* I I 1 

• i XT I ' 

If i is small we get the usual equation for hannonic 1 I . 

oscillations, vi/. V / I 

^ I 

Now consider ^fiass nt, distant I froni 0. ,Let a be the . 

maximum angle reached. Then, neglecting sign, the 1 

maximum value of is f^,a. I’ "- 274. 

dr K-* 

Hence the maximum linear acceleration of the small mass will be 


tCCi 
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That is, ;i force a is actin'' on this smalJ ni.ass. Similar forces arc noting 
K- 

011 all other jiarts of (lie body, and these will induce stresses. I’he stresses 
indiieed in this manner due to lieaviiig and I’itehing have been dealt with iu 
Vol. I. If we now consider the case of llolling, our equation is 




lienee, for inaximum roll a, the force acting on a mass m distant I from 
the axis of oscillation is 



If T is small and a is large, which is often the case, we then get large 
transverse forces on bodies that are distant from the axis of oscillation, such 
as bodies at the top of a mast. This problem was investigated in the casQ 
of the loss of H..M.S. “ Atal.anta.’’ She was a vessel of lOTfi tons, (IM 
() feet and T t',' seconds for a roll from 10 to leeward to 2.')° to windward. 
Assuming harmonic i-oll through the mean angle .‘52^° we get 

,m 7r= 32.1 

dt?' ( 4 - 75 ) 2 ^ 180 ’" 

•248. 


'I'hus, at a point 100 feet above axis of oscillation, linear acceleiatioii 
ft 

---24'8 , and therefore at this point a body would receive a transverse 

sec." 


force of magnitude 


21-.S 

32-2 


times its weight, i.e. more than 


the weight of the 


body. 

in the case of a mast, each part will have a transverse force acting upon 
it, the magnitude of which will depend upon its weight and di.stancc from the 
axis of oscillation. Thus the problem is similar to a beam loaded in a definite 
manner, fixed at one end—viz. the deck—and having intermediate supports 
such as shrouds. 



CHAPTER XXVIIl. 


RESISTED ROLLING IN STILL WATER 
(EXPERIMENTAL INVESTIGATIONS). 

It is evident tliat if there were no resistances to the rolling of a shij), once 
a motion was started it would ne%er cease. 

The main natural causes of resi<’i:''.co to rolling arc— 

I. Skin f' ietional rcsistaiuo. 

II. Keel resistances, i.e. the action of hilge keels, rudders, and any other 
projection on the outside of th' ship 

III. Stream-line aeUon at the hilge keels. 

IV. The formation of surface waves due to the motion of the ship. 

'I’he precise nature of the resistances caused hy these and their »ffect 
upon c.vtinetion of rolling will ho dealt with later. The method of investi¬ 
gation employed is to treat the subject— 

(1) Experimentally. 

(2) Mie experimental results are analysed and extended mathematically. 

Experimental Investigations. — These have been made by Dr 

Fronde, Sir Philip Watts, several French investigators, and various others, 
from time to tin.c, and the laws governing the resistances thoroughly 
analysed. 

To carry out an experiment on a large ship, she is caused to roll by men 
running across the deck, and so timing their motion that they are always 
running up hill. Thus, in the “ Sultan,” a vessel of 9000 tons, 000 men produced 
a roll of Dr" to eacl side. As soon as a good roll is started, the men arc 
massed as nearly as possible on the middle line, and at each successive roll 
the extreme angle reached is recorded, and thus a complete history'" of the 
damping of the oscillations is obtained. The methods used for measuring the 
angles of roll shoulil he accurate. The ohicf*methods are— 

(1) Pendulums. 

(2) Gyrostatic apparatus. 

(3) Batten or horinon apparatus. 

(4) Mallock’s rolling indicator. * 

(5) Fronde’s au^uatic recording appanitu^.^ 

We will consider each of those in detail: 

(d) Pendulums. —The value of the pendulum as\an apparatus for 
recording the angle of roll depends upon its vortical position in the ship. 
Suppose we have a pendulum suspended from a point P, Hg. 275, at hei^t 
h above the axis of oscillation 0. If 6 is the inclination to the upright at 

M .. 


any time the angular veloigty of ship is — and angular acclcration 
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P lias a transverse linear aceolcratioii h Also, as J’ is moving in 

dsy 

towards 0. lienee if w is the mass of the bob of tbe pendulum, the forces 

acting upon it are 


the arc of a circle of radius U, it will have a linear acceleration of 

• \dt 

of the pendulum, 
ng upon it are 

(1) m(j vertically. 



isochronous rolling, so that the equation of motion is 


(2) ^ transversely, 

(•*) 

and the pendulum will set itseli 
along the line of action of the 
resultant of these forces. 

(2) is zero at the upright and 
a maximum at the maximum 
angle of swing. (.'!) is a maxi¬ 
mum at the upright and zero at 
the maximum angle of swing. 
Hence if a is the maximum 
angle of swing, and we assume 


iP0 


iP6 


the maximum value of ~ is ,j„a, and the maximum linear acceleration oi 
P i«,/-=^^^a. 

Hence the forces acting on pendulum arc as shown in fig. 275, and consisi 
of a vertical force mg, and a force inf= perpendicular to P 0. 

Thus the pendulum will set itself along the lino PQ, malting an angle /S 
with the uprigut. Kesolving the forces in the direction perpendicular t( 
Pt^, we have 

2 

mj sin (,? - a) = cos fi. 

If the angles arc not very large, we can write 



sin (/8 - a) = /3 - a. 

and 

cos /8= 1. 

Then 

rngifi - a) = 

and .'. 



h 

Eenye — ,^^ 2 “ represents the error of the pendulrm, and this increases as Hu 
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height (R suspension abo\^ the axis of oseillatiou iiiurcases, unci also is grciiier 
tor a vessel of smifll period. Xlso, as long as the pendulum is above tlie 
axis of oscillation, the recorded angle ft is greater than the real angle n. 

It the pondul,uin is below the axis, ft will bc*lcss than a. The best jiositioii 
is obviously .at the axis of oscillation, but as this varies for diHorent degrees 
of lading, there will generally be a slight error. 

By using two iienduluuis, however, we can got correct value ol a 
and also the position of the a\l; of oscillation. i, o 

Let h,, h„ be the heights ta pendulums above tlie axis of oscillatioiT, 
and ft„ the angles recorded when the ship swings through an angle a. 

= l +^i '"1 
a 

a U 

a ,/i 

Now fti, ft„ - li-) are known, and T can bo louiid by actually rolling the 
ship, hence a can be determined. 

Then from the formula 

we can lind /(,, and lienee the position of the axis of riitation. This methcid 
has been put into practice and the cetitre of oscillation has been shuwu to 

be iiiiifc close to the 0.(1. of ship. , , , i j 

In the above niatbematical investigation the pendiibun has been assumed 
to be a very short one and of short period. If this were not so the pendulum 
would attain a considerable momentum, and hence the error would bo enlarged. 

(2) Gyrostatic Apparatus for Recording Rollmg.— Ibis consists 
of a heavy lly-wbeel spinning around a vertical axis whicn is supported by 
two gimbal rings. The first ring has its plane vertical and in a longitudinal 
direction. The second ring carries the first and has its plane horizontal, and 
is carried on horizontal pivots whose axis is transverse. Ihc principle ot 
the apparatus is, that if tlic wheel he set spinning at a Ingh angular velocity 
its axis will he maintained in direction. In this case the motion of the hrst 
ring will measure the roll of the ship, and ot the second ring wi measure 
the pitch. If the frame of the machine is turned on its side it will measure 

^''^'ffiis apparatus has the advantage of accuracy for still-water rolling. At 
sea there is the disadvantage of not knowing the true vertical, and tfius 
only the complete arc of oscillation is registered.* 

(3) Batten or Horiajn AptJaratus.-Thesc are more generally used 
than the foregoi^, and have the advantege of simplicity. One form, fig. 
consists of a vertical semicircle, A B graduated in degrees. At P a bar 

pivoted with sights at each end. An observer keegs this bar so that the 
line of sights points to the horizon, while another records the ..ngle. This 
instriimont will give the correct roll as long as the horizoAis visible, 
form fig. 277, consists of vertical hatteys, and is m/ire accurate than the 
pivoted bar instrument iust described. It consists-»f observation bra^ete 
6 6, each having a slit S. These brackets are fittef on the bridge ,80 nhat 


Then 


llciici: 
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Ilic slits iiro on jibont a level with a man's eye. Vertical battens B B are 
painted white and graduated in a scale of tangents, so that upon looking 
through S at the horizon the tangent of the inclination of the ship to the 



Fio. 276. 

vertical c.'in be at once road. These instruments can also be used at night 
by taking ob.ser\ ations from a star of known altitude. 

(t) Mallock’s Rolling' Indicator (fig. 278).—Tins consists essentially 
of a short cylindrical niotal vessel with a glass front, filled with some non- 
freezing liipiid, and carrying at the centre a light cylindrical box w ith projecting 



vanes, the e.xtremitics of which do not approach within 1 inch of casing. The 
front pivot is carried by t'firee threads thusand the top one servos as an 

index. A light circular metal strip is fastened to the moving part and 
' ’.’xiated. in degrees. Weights le can be shifted, and so give the wheel a 
Jaste jiosition and also cause it to form a pendulum of very loiVg 
period. Generally, in air the period is 4 seconds, and in the liquid it is 40 
seconds. The weight of the wheel and vanes and size of central barrel arc so 
adjusted that there is no weighlj on the pivots. This is a very reliable 
instiaamcnt, 'and, together with the vertical battens, form the apparatus usually, 
fitted to war vessels. 
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(5) Froude’s Apparatus. —Tfiis was desigiiod hy W. Kroudo A) order to 
determine accurately the (effect Of the resistances to roll cx])erienced l)y a 
vessel, both in still water and amongst waves. A diagrammatic view of the 



apparatus is shown in lig. 27h. It cipnsist.s of two pendulums, one of very 
long period and the other of very short period. Oidy the long-period 
pendidum is i-ecpiircd for still-watei- rolling. 









THE DEKIRN ANp CONSTEUCTION OF SHIPS. 

- ■ ' ' 

each cud* of the wliecl a.\le. Tlie wheel is weifjhted so that its O.y. is '006 
inches helow the eei.tro of suspension, anddts period is„from .It-S.') seconds, 
and it remains practically upright as the ship rolls. Sector S is carried by 
H and has a rod r, geared to it. The weight of »•, is balanced about y»j by 
means of weight Hod r„ carries the pivot/), and oscillates about p^, which 
is part of the framework of the machine. ?•., is balanced about /)„ by weight 
«■„. At the lower oiijj of »■„ there is a third* rod r,, pivoting about Pj, and 
ciirrying a stylo /, and a balance-weight ?c„. 

A is the shf)rt ])eriod pendulum, which consists of a br.ass tube 2^ inches 
diameter, 20 inches long, an<l is filled with lead, and carried on knife-edges at 
the upper part of the circumference of the tube. Its period is 0'2 seconds. 
It is connected to a rod »<, which is pivoted about 7 ) 4 , carries the stylo and 
is balanced by ?c,. 

The stylos ■/, and 4 teoord upon a cylinder (1, which is rotated by clock¬ 
work, and there is a Ihird pen, not shown, that indicates the time. When 
rolling in a seaway the force is in the direction of the normal to the eil’ectivo 
wavc-slo]>e, and tiu' short-period jiendulum A then records the ett'ective wave- 
slope acting upon the shij). 



CHAPTER XXIX, 

RESISTED ROLLING IN STILL WATER (continued). 

Mathematical Analysis of Experimental Results of Rolling.— 

Having described tlie vari<)ii.s types of apparatus used to determine the 
•oiling of a ship, we will now procoe<l to analyse the records so obtained, 
III order to ascertain the laws of extinction. The chief work that has been done 



on this subject in this country is that of W. Fronde, ...... . „ series 

of expA'iinents upon <iotii 4 l ships, usiii^ tho appiiratus descrihed abovo, and 
subjecting the record.s to a searching analysis. * 

Analysis of the Records of Froude’s Appa?atus for Still-Water 
Resisted Rolling.— In - tl.i;, case* we need only to use the long-period 
pendulum 15, fig. 2^. * 

The apparatuf then gives us the wafy cilrvc as shown in fig. 280. By 
drawing vertical lines as shown through the points of niarijmum and minimum 
ordinates wo find that AB, 14 0, etc., are all eijual, so that the period of 
rolling is practic.ally constant. * 

We can put the dotted curves shown through the points of maxima and 
minima. If we then square across from A, B, 0, etc., to the dotted curves, 
the base line should biseef these lines. If the wheel has any motion ottits 

9Q1 
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own, the hasc line will not bisect them. In this Case we bisect the ordinates 
and put a curve M tnrough these points as shown. The-'period of this curve 
is the same as that of the wheel, i.e. 34-35 seconds. The true rolling of the 
ship .should be measured from tliis curve. If we do thi.s for the dotted curve 
above and set off the ordinates to a base of number of rolls, we get a cun'e 


A 



Fii;. 281.—Curve of Declining Angles. 

like fig. "JSl, which is called the “Curve, of Declining Angles.” {Kcite .—If 
A F rejii-esents the angle rolled to port, (' K re|)resents the succc(‘ding roll to 
stJirboard, .and ,so on.) 

Iiraw (' II and F, D jiarallel to the base line. We can consider A li as the 
decrement of roll in the first complete swing, i.e. from 6^ to 6.,', Cl.) the 
decrement fi’oni 6.. to and so on. 'rims we can express the decrement of 



roll in terms of the n.eau angle for the two skies ; i.e.. if All = 80], express 
60] in terms ol ' ^ 

W'e can thus draw the curve in fig. in which the abscissa) 

show the moan aiigles of roll, and the ordinates show the correspond¬ 
ing decrements. , 'Phis curve is called the “ Curve of Extinction,” 
and may be considered as consisting partly of a straight line 0 B and partly 
of a [larabtla O .\. Its equation is 

p = 80 = a0 + hO'^, 
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French experimenters iiljo carried’out a series of exjKjnmcnts An rolling. 
These were analysed by M. Bortui. He states that tlie#0 part was not very 
listinguishable, and that the rcsnlts were given quite well by 


Attempts ;vere*made by V'roude to account for the a and /< cocflicients 
n the above formula from the nature of the various M...istances acting upon 
.he ship. Mathematical consider:, ons led to the following results. , 

The a ooefheient is produce:* by the formation of sirface waves due t<j the 
notion of the ship. • 

The li coefficient is due to the resistance caused by skin friction, keel 
resistances, and stream-line action. 

The following are values of 't and /i for tlie vo.ssels named, and were 
jbtainod cither from experiments made upon the vessels themselves or upon 
nodels. 



Period 



Name of Ship. 

T 

Seconds. 

a. 

i. 

“Sultan” .... 

8-87 

■Oli67 

•0016 

“ Devastation ” 

675 

•072 

■0I5 

“ Inconstant” 

8 0 

•035 

■0051 

“Inflexible” 

.5 S5 

•040 

•008 

bilge Kiris 
\ Without ,, ,, 

775 

7-60 

•065 

•0123 

•017 

•00'25 


A Consideration of the Nature of the Resistances that give 
rise to the a and b Constants in Froude’s Formula for the “ Curve 
jf Extinction.” —Tlie following . lathematical consideratior < were "uggested 
yy W. Fronde, who, after ascertaining the laws of resisted rolling by experi- 
nent, subjected the results to a very searching analysis in order to account 
'or the nature of the resistances e.'iperienceil. 

I. @on.sider a ve.ssel acted upon by a re.sistance to rolling which varies 

d0 


df 


de , 


Let K, -- be the moment of re.sistance. 
'df 


Snpijosc the ship .starts swinging from an angle a to the upright, and swings 
x> an angle fi to the upright on the other side. Then the total work doiyi 
igainst resistance is 




We assume, for the purposes of analy'sis, that the ship rolls harmonically, 
iud*that each half-swing from a to 0 and 0 to fi takes'place ii’ the time 
T 

—, the half-period of tlie unresisted oscillation. 

With these assumptions, consider the roll'from 8 = a to 6 = 0. • 

The resistance experienced is the same as for a harmonic roll from 0 Jo a. 
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We halVo, as our C(|nii,tion of motion, ' 

/I TrI 


do TTtt TtI 

di=T^“^f 


.% energy expended against resistance from 0 = 0 to is 

IM cos^cW. 


But 


J/l TTd Trt 

do — ■— cos ^dt. 


Also, when O-a, I--^, and wlicu 6-0, t — 0, 
iiml .•. cncisry expcudcil 





7r“a“ 

■2T- 


T 

o 


'4T ■ 


Similuvlj’, for tlic otticv part ot tlie swills' from @ = 0 to 6 = ^ the euergi 
expended is —• 

Jlonce total loss of energy is 


KjTT^ 

4T 


(a'^+/4-) 


approximately. 


where 6„, is the mean of a and fi. 

This loss of I'liergy must be eijnal to the loss in dynamical stabiliti 
between a and ji. 

Now dynamical stability at a 

^ ["wMZdO. 

J II 

In this investigation we arc assuming harmonio rolling, and therefor 
small angles of foil in which ii'/, — m6, whero w is the metacentric height 

And therefore dynamical stability at “ —^ \\.m.6d6= JAtVia". 

I ii^iinilarly, the dynamical stability at /8= iW'vi/J-., 
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[encA total loss of d 3 Tl?imical stability from a to y8 
= - fii) 

* 

= Wm^(a-/3) 

= \Vmej9, 

where Sd = (a - ;3) is the decre.. ■ or extinction of roll between successive 
swings. * 

Hence = \Vn,eje, or 89 = 

and therefore 89 is proportional to tlie mean angle of swing, or the existence 
of a resistance vaiying as the first power of the angular velocity gives rise 
to the extinction represented i)y 01’., fig. 282, and therefore to the a coefficient 
in the formula 

89 = a9 + l>ff^. 

II. Consider the case in which the moment of resistance varies as 




he flic moment of resistance. 


We deal with this case in ])recisely the same manner as the preceding 
case. The total work done against the resistance from a to ^ is * 

ConsiSering the first part of the above expression, we have 

n . Trt 

u~a sni 


- ©■ 


iW -Tra TTf 


As before, our limits are now 0 and —. 

Hence en^irgy expended from d = ato6 = 0is 

fi,, 7r®a® s’r/j 

TI f'" 

* 'r * 

_ . irV 2T _ 2irV 

” Stt" ' 

* 

Similarly, from 9 = 0 to 9 = 13, energy expended = . 


ATOt, 11. 
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Henoc total loss of onergy 


where 
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= approximately, 




a+fi 

2 • 


Equating this, as in the previous case, to the loss of dynamical stability 
we have 

\V7a-e,„86l = K.,,^e,/, 


and 


S0 = i 


K.y Q ,, 

\V,„T- ’ 


as 


(S)’ 


give rise to the extinction 


and therefore a resistance that varies 
represented by 0 A, tig. 282, and therefore to thb' h coefficient in the formula 

he = a6-¥hm. 

Hence in this forinnla we have the coefficients a and />, which ai’e respectively 

, . , . d6 ■. /<W\2 

due to a resistance varying as — and ( - ’ 


\dt) ' 


Vims the general equation of resisted rolling of a ship is 




~y+ w.(jz=o, 


and the decreincrit of 6 corresponding to these resistances is given by 

\VWP’ 

where B,,, is the mean angle of roll from out to out. 

Analysis of the Extinctive Effect produced by the Formation 
of Surface Waves due to the Rolling Motion of a Ship in Still 
Water. —-Vs ve have already pointed out on ji. ,‘?7.5, one of the causes of 
resistance to rolling of a ship in still water is the formation of waves 
due to llie oscillatory motion of the ship. Tliis is due to the amount 
of dift'erence between the shipshape and a circuli.r form in the region of _ 
the wateqjlaiie. To obtain an insight into the precise nature of the resistanfl^j 
offered in this manner, Dr W. F'roude proposed the following mathemati^i 
..nalysis. He .assumed— 

1. The breadth of ,*^86 wave varies as the length of the ship. 

II The length of the wave from crest to crest is such that its period is 
tlie same as th.at of the ship. Now the period of a wave of length I is 

T = . /27r^ (see p. 127), and therefore T varies as the square root of 1. 

\ (I t 


The 


pmod of rolling,of a ship is T-tt /!S., and therefore, for similar ships, as 

V (/7ll 

both K and to are linear dimersions, T will vary as the square root of the 
linear dimensions. Hence for the period of v^Ve to equal that of the ship, 
the ‘length of the wave must vary as the linear dimensions of the ship. 
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in. ¥he height of wa^ varies as tlie beam of the shin multipliotl by the 
angle of roll. • ' * 

It is found that, when conducting rolling experiments upon dynamical 
models of ships, the curves of extinction aro precisely the same for the models 
as for the actual ships. Thus tlie decrement of roll must be independent of 
linear dimensions of the ship. 

Now we have seen (p. 1.33) that tlio energy of a wa'^"' • arics as Ihh^, where 
I is its length, h its bi'eadtii, and K ’ts height. In this case, if L stands for 
the linear dimensions of the shi^ \nd 6 is the angle of roll, then— * 

/ varies as L 
!' o „ L 
h „ ,. \£ 

and Ihh- ,, „ Idd- 

Tlie sliip Il ls tiierefore, in each roll, to impart to the surrounding water 
an amount of energy that varies as We have seen (p. 38.')) that if the 

ship rolls tlirough an angle 6, and hO is the decrement, the loss of dynamical 
stability is WitiSSO, which varies rs If this decrement is caused by the 

formation of the wave, the !oi,s of dynamical stability must be eipial to the 
energ 3 ' of the wave. 

varies as I >6'" 
or SO ,, ,, 6 

and is independent of the size of the ship. Hence such a wave will .ct^iunt 
for the “ a ” coefficient in the formula SO - aO + hO-. Also, the rolling of the 
ship and the luodel will be identic,d, since the decrement is independent of 
linear dimensions. 

Dr W. l‘’roude gave, as an example of this, a case in which the calculated 
resistance to rolling of a ship 150 feet long and period t seconds was 4700 ft.- 
Ibs. The estimated amount of resistance due to surface friction and keel 
effect was 820 ft.-lbs., which left >880 ft.-lbs. unaccounted for. .'.ssuming 
that all this was due to the formation of a wave, the dimensions of the wave 
are, length 320 ft. from crest to crest and height from hollow to crest 1J ins. 
Thus the wave would be imperceptible under ordinary circun;.ttances. 
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In dealing; with tliis we Ixave to consider tlin forces acting on the ship due 
merely to the wave structure, as well as the usual forces of stability. x^Mny 
point upon the upper surface of a wave, the resultant fdte will bo no™[f to 
the surface at this point; hence in the case of a si)01 floating IxxP^its 



instantaneous position of equilibrium will be in the direction normal to the 
surface. In the e.ise of a ship which jxenetratos to some extent into the 
water, the portions below the surface are inffueneed by the subsurface waver 
slopes, which are less steep than at the surface. Hence the “Effective IFave- 
Slope ” acting on the whole laxly is not as steep as the surface siope ; 'so that, 
ii't treating this subject, if we deal with the sxirface conditions only, we are 
making an error on the''hafe side. 

If we considei- the wave structure wb notice that columns of water that 
were originally vertical are nbw inclined towards the crest, as shown in 
fig. 28,‘I. Hence a deep narrow vessel would always tend to incline towards 
the crest of the wpve. On the other hand, a raft will always have its mast 
inclined away from the crest. A ship is an intermediate stage between these 
twf) conditions. Yletice, due to mere wave structure alone, the tendency to 
roll isaiegligible ; and in dealing \vith the subject we may confine our attention 
mcrelj^vto the efi’ect of stability on rolling, the equilibrium position being 
assum^ normal to the wave surface. 
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Fronde’s Ge^eraN Solution for Rolling amongst Wdves. --A 

mathematical solutien wa.s projafijed by the late Dr W.^'’rondo. In order to 
deal with the subject mathematically he makes tlie following assiimjrtions;— 

(1) The waves form a rcjiular ])arallel scrfcs. 

(2) The ship is supposed to be broadside on to the waves and rolling 


(3) The wHvcs are very long compared to the beaii^of tlie ship. 

(4) The rolling is isoehronoo*- or approximately so ; i.e. we may write 

stability = W«i6 within these h. *.t.5. • 

(6) Variations in virtual weight, due to the wave structure, are neglected. 



, formal to 
'VA' effechre 



(6) The lengtli fd the wave is so long compareu vu unc jiuimn., i,n<it its 
form may be assumed to be a sine curve. 

The justification,for these assumptions,is that the co"dition.s are the 
worst pessible. 

Let 6^ be the inclination of the wave normal to the upright (fig. 284). • 

Let 6 be the inclination of the ship to the upright* 

Then the moment of stiibility • 

Jlenoe the equation of motion is 

,d^e 
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T /K- 

X 0\V I =1 TT. / - 

V f/m 

'”1118 ditibrs from the equation I'oi' still-water roll by the terra in 6,. Now 
Is a function of the time, as it obviously changes eontinuously. To find 
the relation between d, and t we assume a sinusoidal wave. Let H bfe its 



height, 2L its length, and Tj the half period of wave. Then, with axes as 
shown (fig. 28.o), the equation to the wave is 


and .'. 


dy 

tr 


— cos ™ = dj, for a small angle, 
ZVj Lt 


so that the raaxiiuura wave-slope is 

Having now found 8; in tonus of x, we must find the connection between 
■r and t, and hence find in terms of l. 

If wo measure timofi'om the instant the wave is as shown in the above 
fig. 285, we get 

a; _ f 

l-t; 


nnd 


/I TtH T,'t 


This value of 0^ is the wave-slope atO, t secs, after tlic passage of the mid 
height of the wave. Or, mcasiiriug our time from the passage of the trough 
of the vawHf wliich is more coiivciiieiit, we get t 


/, ttH . vf 

^- = -2X^”'tV 


,, ‘ d‘^$ (a ’’■H • vA „ . ).■ c • 

Hence ^ - — sin ^ j = 0 is our ecjuation of motion 

Tile !?qliitioii of this equation consists of a particular and a general solution^ 
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and is effected by the gerjeral meth8ds of solving differOT^ial equations. Th*e 


solution is 




TTt,* • irt f-» “Jrt 

~ + A Mil 4-1> cos , 


in which we have tiie two constants A and B which depend upon the init-"J 
conditions. If we assume tlrat ip the trough the inclfa.. Lion is a and a'.gular 

velocity U, then when t = 0, o-,*u and ^ = 1'. 


2L 


1 - 


. irt 


vi/ UT T 




From these wo gel 
ttH \ 

U \ , TTt 
— —— I + a cos — 
T, , T^/ T- 


which is Fronde’s general equation for rolling amongst waves. 

If we take this solution and separate out the parts that are influenced by 
the wave, we get 

xll 


(9 = . 


2L 


T,= 


Tri 

't; 


T wt 
.-sm 


ir^\ 

t; 


UT .irt irt 

+ — sin -- + a cos 
TT I I 

The last two terms are identical with the general solution fjr unresisted 
rolling*in still water. We thus see that the still-water rolling takes place 
just as if the waves had iio existence, and the effect of the waves is to sup 
pose upon the still-water rolling the motion represented by the first part of 
the above equation. This inotior jonsists of two simple harmonic motions, one 
being in the ship’s natural period T, and the other in the wave period T^. 
The amplitude of these imposed motions depends directly upon the maximum 

wave-ijjope ^ and also upon the ratio of-~. We will now consider in detail 


T 


the mdtions corresponding to the three values of this ratio yl.) when =-= 1, 

* ^1 

T T 

(11.) when ^ is very .small, and (Til.) when is large. 

I. 6ynchronisi?l. —This is the ease inVhich the periou of wave is equal 
to the period of the ship, i.e. T = Tj. We can simplify Froude’s general 
equation if we consider the ship to be initially upjight and at rest in The 
trough. , 

Then a = U = 0, and tho'equation become#— 

• wH • •/ . ir« T 


6 


irH 


2L ( ■ irl T . ttA 

= (sm---^-sm ) = 

m G 




T T 


vt 

‘ T, 


where ~ ^ ~ maximum wave-slope. 
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For sinchronisi' T = Tj, and this value for 6 iiccomcs jr whfch is in* i 
determinate. 

If wo difl'erentiatc the inm^erator and denominator witli respect to Tj, 
wo get— ' 


6 ^ Limit of 


Trt irf T . vf\ 


2 ^ 

T,» 


B/ . 7rt trt 7rt\ 

= 2r"T-T“°^T> 


If we now consider the ship at successive points of the maximum wave- 
slope, we have— 


when 

^_T 3T 5T 


2 ’ 2 ^ 

then 

O’ “2 ’ 2’ 


which moans that when the maximum wave-.slope passes under the ship the 

masts are always inclined at ^ to the vertical. 

Also, if we consider the ])iiss!ige of each half w'ave-length from the trough, 
we ha ve— 


when t = 0, T, 2'J', .3T, etc. 
then 0 = 0,^, - vf3, etc., 


and therefore the passage of each half wave-leug„’.i adds to the actual 

inclination from tlic vertical, tlie masts being inclined in one direction in the 
troughs, and in the opposite direction at the crests, the jmssage of each 
complete wave adding v times the maximum wave-slope to the inclination of 
the ship. Hence, in the absence of resistances to rolling, the vessel' would 
soon capsize. The result can be represented graphically as follows (see 
fig. 286). In this case the vessel is supposed to be upright and at rest 
in the trough, as shown by position 1. A series of regular waves is 
then supposed to pass in the direction indicated by the arrow, an(L 
the ship takes up successive inc’inations as shown, the dotted lines beingj 
vertical. 

.Thus synchronous rolling must bo avoided, and this is done 
altering the cour.so of tiie ship. Also, even if synchronism exists at small 
angles as the angle of roll increases, the period , of the ship does not remain 
constant, and so synchronism breaks down. 

11.— When t is Snuill. ^ 

This is the case in which T, the period of the ship, is very short, e.g. the 
• " /l^ 

case of a raft. We have seen that T = 7r. / —, so that a small value of T 

V ym 

corresponds to a large value of m, the inetacentric height. 
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Witji the same sin^lifioatiou* of the 
general equation aj is adopted in the case 
of synchronism, we have— 

•1^- ^ ^ 

T 

which, when — is snmll, red: -o 

61-/3 sin 

This is also the equation of the wave-slope. 
In other words, the inclination of the 
masts to tlij upright is equal to the in¬ 
clination to tlie horizontal of the tangent 
to the wave; that is, the marts are in 
the direction of the normal tr tue wave- 
surface. 

T . 

III.— When IS Large. 

This case corresponds to a vessel of 
relatively small metacentric height. With 
the same assumptions as before, our 
equation is 

— / . vt T . 

In order to simplify this e.vpr ssion we 
multiply the terms inside the bracket by 
fa' q'2 

and the term outside by 

Th.n • 


> ■!! 1. ^ /T,^ • nt T, . ir<\ 

^_l(q4™TrT""T) 


^-it^Vt t, t) , 

* T T 

Then when ■- is large, or J is small, this 

11 1 t 

reduces to 




Fig. 286. -Synchronous Rolling. 
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f; 

« V . V ' ^ 

and therefore tlie hotion of the ship iff independent of the ware,, motion, 

T 

excepting that it inh enccs her maximum amplitude of roll, which is 

But is small, and therefore the ship oscillates through a smal) angle in her 

■■'vn natural period. 

I'hia is the conditio’, aimed 


at 



Hence small 
conducive, to 



in designing a steady ship, 
metace.itric heights a 
steadiness in a seaway. 

Mechanical Illustrations of 
Rolling amongst Waves.— In the 

ease of still-water rolling, experimeg 
can easily be made on "models in aj 
and the phcnoi||||||^arefuily s^ 

In rolling iimon^H|pes model i 
ments are impr^PliBjle owing 
difficulty of prodifciug in the 
regular scries of waves of convenient 
size and period. We hax’e therefore, in 
order to make a complete study of the 
rolling motion of a ship amongst waves, 
to either resort to graphic integration, 
which is a slow process, or else adopt 
some mechanical representation of the 
phenomenon. 

Captain Russo’s Navipendu- 
lum. —This is an apparatus invented 
by Captain Russo of the Royal Italian 
Navy, and may be utilised to study 
both the rcsisied and unresisted rolling 
of a ship in still water or amongst 
waves, in this the ship is represented 
by a pendulum-shaped body which he 
calls a navipendulum, and the motion of 
the water is repi’escnted by a specially 
constructed apparatus which produces 
precisely the same effect upon the 
motion of the pendulum as the wave 
motion does upon the motion of the 
ship. 

The y)rinciplc of the navipehdulum 
is that tor the purposes of studying the 
transverse rolling of a stdp she may be roj)resented by a cylinder whose C.G. 
coincides with the C.G. of the ship, and tnc shape of the section of which is 
an involute oi the metacentric evolute, since the righting couple acting upon 
the cylinder in any inclined position will be proportional to' ffie couple acting 
upon the ship w|)en similarly inclined. Thus, if the cylinder he made 
dynamically similar to the ship, its motion will he precisely similar to that of 
the' ship. The pehduluni is shaped as shown in A A, fig. 287, being supported 
on a platform L by means of steel sectors S, which are shaped to an involute 
of the metacentric evolute. In order to obtain a resistance corresponding td 
that dxperienced by the ship, a sector m is attached, the upper part of which 
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is in CQptact with an elastic band C C, and its shape is oliaiiied experimentally 
from a knowledge*(jf the resistaace to lolling in still w^er experienced by the 
ship or its model. 

The principle of the wave-motion apparaAus is as follows : — If we consider 
a small lino^>f particles a l>, fig. 288, lying on the surface of a wave of length 
Jj, height H, and period T, this lino will assume diiring the passage of the wav» 





Dtrfttxjon. of n3x'<wr*’ 

Fui. 288.* 


•V 


all the |>ositioiis indicated, the normal always pas*ng through the point T 
which is verticiilly above O.a heiglit = ™lling amongst waves it 

is the inclination to the normal to the eflkctix'^ wave-slope that determines the 
iMotion. Thus if we can make the base plate L of the nayipendulum, fig. 287, 
assume all the inclinations of « h in their regular order, the motion of the 
pendulum will correspond to that of tflie ship in a regiflar series of wives 
This is effected by the mecl'anical device shown in fig. 289, in which the rodi 
r and rj are caused to turn at the same aif^ular velocity, and thife to alwayi 
remain parallel to each other. In this way the line M Mj always pAssei 
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through a fixed poiiil on the line 0 0, produced. By suitably proportioning 
r and rj the motion h, fig. 289, can be made precisely that of a h in fig. 288, 
and hence M Mj is always in the direction of the normal to the effective wave- 
slope. The lover M Mj passes through a slot in the base ))lato b of the navi- 
pondidum so that L is always pei'pcndicular to M M,. Thus there is jmjx)8ed 
••’non Ij a motion precisely similar to the motion of the normal to the effective 
wav.aslope, and licnee fhe motion of the pendulum is precisely that of the 
.ship. 

To test the appar.atus a pendulum was constructed to represent the case 



qI an actual ship, and the results ' f experiments actually carried out on the 
ship were compared with those given by the pendulum, and they were found 
to agree very closely with one another. 

For purposes of Icctm'e-room demonstration to students of the effect of 
imposing a,.wave motion upon the ordinary unrpsisted and resisted rolliijl 
motion of a vessel, the author has since 1891 often made use of the following 
simple apparatus, see fig. 290. ’ f| 

A represents a vpssel, and is mounted on curved rockers R which represent 
the curve of buoyancy. 1'restles B carry a borizontal plate C upon which the 
rockers R rest. Attached to A are wiiigs W, which Ciiu support weights, and 
hence the moment of inertia of A can be altered, and thus its period of oscilla¬ 
tion. An index arm I is attached to A, and records op a scale S the angle of heel. 
In (frder to obtain resistance to rolling, water chambers or similar apparatus 
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may be»placed* inside A.» The apparatus will thus illii 
and resisted rolling jri still watei? For the purposes oU 
amongst waves the whole thing is slung up by meaiw 


te the* unresisted 
trating the rolling 
ropes attached to 



Fl(}. ‘290.> 


poini^ P and hung from a beam overhead. The vvliole apparatus then swings 
bodily with a long-period motion, the period of wnich can be adjusted by 
suitably raising or lowcringi the apparatus. ^ We thus get a eouiinnation of 
Uie two motions, and by siiitjible arrangement^ the effects of synchronism and 
similar pbenom^a may be practically demonstrated. 
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THE GRAPHIC PROCESS OF INTEGRATING THE 
EQUATION OF ROLLING FOR A SHIP. 

Still-Water Unresisted Rolling. —We have seen that the equation of 
motion in still-water unresisted rolling is 

2 + ^^GZ = 0. See fig. 291. 

If we assume = we can obtain an exact mathematical solution 

of this. If we assume 
GZ = m sin 6 we can in¬ 
tegrate once, but not a 
second time. In general 
G Z cannot bo expressed 
as a simple function of 
0, and we cannot mathe¬ 
matically integrate the 
expression at all. We 
have thus to fall back 
upon a graphical pro¬ 
cess which can be used 
whatever be the nature 
of the G Z curve, and is 
a strictly correct solu¬ 
tion, no assumptions or 
appi'oximations having 
to be made. 

/ K~ 

— ,.;vud therefore the aboxe equation majy be 



When 6 is smi 
wrbten— 


*2 r 


GZ 


• n 1 'Jri 

V I ^ I nrnierically equals ~ — 




GZ 


or, for finite increments. 


d0\ v- GZj; 
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t • ^ » . 

If we know'GiJ, T, S(nd m, we can calculate the r'At-hand Side of the 
equation for a smalt finite increnlent Si, and so get tly corresponding incre¬ 
ment of angular velocity in time St, supposing St to be small. For our 

T 

purpose the most convenient value for is yq. 

mi. Sifd6\ ■ ' • ,1 , , GZ TT^ T 

Then °\^J numerically equal to — 

' _GZ 1 

m 1-013T 

where 6 is in circular measure. It is more convenient to work in degrees. 

T /'d0\ 

If we express 6 in degrees we get in — secs, the increment ^.lumeri- 

„ , . GZ 180 1 

cally equal to -- ^ 

If now we day out a base line A C representing a time I'OIST, tig. 292, 



Fig. 292. 


and draw A 1) perpendicular to A 0, and 0 15 making an angle a with AC so 
that the value of tan a is cipial to the angular velocity of the ship at the 

T 

beginqing of an interval ol time —, and then set up from 15 a length 


I5D = — and join DC, 


tan /8 = 


15A +1)15 


AC 


15A DD 
C 

180 GZ 


AC: AC 


= tan a + - 


1 


IT vh 1-013T 




(i> 


where is the angular velocity at’the beginning oT the interval* and 
(It 

increment oi angular velocity during the interval. In other 
\dtj ’ ’ 
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words, tan ^ is tho angular velocity at the end of the interval. Then 
from A I), by a sim.'ar process, we can get the angu'ar velocity at the 
end of the next interval, and so on. 



Kig. 293. 

Suppose a curve, fig. 293, is drawn such that the abscissas represent values 
of tiuie, and the ordinates the corresponding values of 0, tlie inclination of the 



Kig 294. 

ship. For convenience this may be called the (6, t) curve. Then the slope 

^ ' d^' 

of the tangent to this curve at any point represents the angular velocity ^ 

of the ship at that instant. Thus tany is numerically equal to the anguh.r 
velocity of the ship at the time represented by 0 M and the inclination P M. 
Then, knowing the ’.alue of GZ corresponding to the inclination PM, we can 
carry out the graphic process described above in fig. 292, and so get the slope 

t T 

of the tangent to the ($, t) curve at a time „ i-'^cs. later. Now it is the- 
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(9, ,<) om;ye that we are txying to ge\, as this reprosents lAe complete history 

of the rolling motiop. We have* therefore to work ha iKwards, and, finding 

0 nr 

the slopes of the tangents to the {6, t) curve ^for intervals of sees, by the 

method described, use this to enable us to set out our (6, t) curve. 

Thus, suppose tile ship to be hcM over initially to an angle A 1', fig. 291, 
and given an'initial angular velocity U, set out AC.' 1-013T and A R f/cr- 
pendicular to AO, so that tana U. Then if we draw PK parallel to BC, 
P R will be the tangent to the i) curve at P. If we then go through Sie 
construction given in fig. 292 and find the line C D, this line will be parallel to 

ni rp 

the tangent to the {$, t) curve at an interval — secs, later. Set out .'.F - 

Then if Q is the point on the (6, t) curve, Q S parallel to D C will be the 
tangent to the (9, t) curve at this point. This is not sufficient information to 
enable us to draw the line Q S as we do not know (), and we rispiire some 
more knowledge I'espooting its e.v.act position. This is obtained from the 
following considerations. The first differential of the (0, t) curve is a curve 
of angular velocities. The sc^coud liffercntial will be a curve of angular 
acceleration.;, and therefore a curve of forco»e.\pressed in a different scale, or 
a (force, t) curve which is tlic second differential of the (9, t) curve. There is 
thus this relation between the c urves, that if they be both drawn on the same 
base of t, the tangents to the (0, f) curve at any two points will intersect 
above the C.G. of the corresjKinding portion of the (force, t) curve.* 


* hety —/{.:•) be the oi|iiation of the (force, t) curve 
Then y, is the equation of the t'j eu; 

jy 2 =/!/i{.r)(fa: =/>(*) is the equation of the (9, t) curv 
From those expressions we have the following relations : — 


‘^2 

‘r 

Vf.r ■ 




Let these curves be as shown in iig. ’JSt. Take* any two ordinates whose abscissce are a* 
and a''. Let»/, i/,, and y„ be the oidinates of the throe curves at abscissa x, and j/,’, and 
the orditiates at .e’. Then if S is tlie abscis.sa of the C.G. of part A B GO of (force, I) curve, 

Idx 


f^'Axy.ix j^,/, 


Fi - Fi 




Fi* - Fi , 
, V' - ?/i 


If now we consider the abscissa of the point of^youtMt of the tangents to the (9, <) curve 
at the points whose^Sbscissie are .r and x'. The equation of the curve is 
y.^flx'). 


From fig. 295 we have 

tan a 


dv *’* 

=-^=?/j from the preceding formula 
dx 
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To apply tKis Jo ou» case, the force curve is our curve.* We have 

seen that the numeftcal value of*8f-^^'\ in time -- is g 

^dt) 10 * 

180 (iZ 1 * 

TT m 1-01.81'’ 

thus it is more convenient for us to work witli valu’ of 1?^— tha with 

• TT m 



(i Z. Our first step is therefore to eonslruet a “ modified force ciu'v- i from 
our GZ curve by iimitiplyinfr all the ordinates bv This is shown in 

Tcm 



fig. 296. A conireuient scale is 1° at*l J"*= 1 unit of force. With these 
scales the curve will always start oil' from the origin making an .angle of 4.5° 
with the base. * 

Now, as before, set out AC=l-01.¥r (fig. 297). Set up AP,=>6j«the 
initial angle of heel. Let If bo the initial angular velocity. Draw through 
Pj the line Pj Q at a slope corresponding to*l!, that is P, t) is paritllel to BC 
where tan a = TJ. 
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Sot do'.t-n A F| < nial to K L in fig. 2^0, the value tho modified force 
at 8y Now guess in the first portion of the (force, t) '•nrve Fj Fj. Guess 
in also tlie corresponding portion of the (6, t) curve P, P 2 . Scale the mean 
ordinate of the (force, t) curve' between F, and F^ and set it up at B D. 
Join I) 0, then the tangent to the (0,1) curve at Pj is parallel to i) C, and also 
*he tangents at P, and P., intersect at a ])ohit R vertically over (1, tlie C.G. of 
tlie (force, t) curve A F| 1'., 




Thus the tangent to the (0, t) curve at P., is obtained. Then by exactly 

tht same process the tangent at the next increment is found, and so a 

series of spots I'j I’,, etc., on the curve, and the directions of the tangents at 
these points is found, and the curve can be sketched in. Kach step carries 

T 

us forward through an interval and is self-cheeking, smee the ordinate 

Aj F .2 must eipial the ordinate of modified force curve corresponding to the 
angle 

The above process is one of trial and error, and at first sight appears to 
be rather fedious of application, but when actually solving a problem in tliis 
puinner it is found that after a very short time the eye is able to fpreteU- 
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ly tlio lirtit attempt 


almost gxactly*the^(liroc*ioiis of tlTc curves, and f'ciici 
proves successful, and the second always is. 

An example worked out by this method is sliowu^in tig. 39S. This has 
been done for the “ Devastation.” She is assumed to be heeled over to an 
angle of 2(f degrees and then allowed to roll freely. The points marked 
1, 2, 3, etc., on O Y arc s''ch that 
when joined*to 1’ they give the inclina¬ 
tion of the tangents to the (0, curve at 
the abscissae AT, 2AT, 3 a i. ■•etc., where ^ 

T * 

AT •= jg. We see in tWs case that the ship 

becomes upright in time GAT, or her period 
of roll is 2 X ^1’= 1'2T when started of at 

20 degrees inclination. As the motion is 
unresisted, tig! ship will roll over on the 
other side of the vortical to 20 degrees, and 
the motion will continue indefinitely. 

Construction for finding the Ver- 
tical Line through the C.G. of the ' 

Area AF, F.A, in the (force, t) 

Curve. —Make A.,H = iAA., in tig. 299. 

Bisect F, Fj at E. .loin EH, and through 

F, draw F, K parallel to A Aj. Then the 
vertical line through K also passes through 

G, the C.G. 

Graphic Integration of Resisted Rolling in Still Water.- 



Fig. 299. 


-This if 


an extension of the above. The mathematical equation for resisted rolling is 


(it- 'df 




and it has been shown mathematically (see 
the decrement of 6 is given by 

, 4 


-f-W.GZ. = 0; 

p. 386) that with this equation 


m-- 


2W«»T 3 


WmT2 ’ 

where 'Om is the mean angle of roll from port to starboard. The above 
equation is in circular measure, if we turn it into degrees wc get 

/ T_y. 

aT- VI80/ 


180 ■■ 2WotT 180 3 • iwr- 


‘2W»»T'''3 




WmT2 180'« 

Comparing this with Frpude’s equation fejr the decrement of ^^viz.- 
^ B0 = a6„i + bd,„^ ,where 

is«n degrees, we see that 


K,7r2 

‘ 2W«iX 


Kr 


2Wn»T 


-a 


6 = 


4 V 

■3 W»tT2 180 


WwT2 


1806. 
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And theref'jre the eteression for the resistance raoraimt h^ponws 

'■©’ ■ 


IT- dt^ 4 tt ' 


When finding tlie value of K, and K., in terms of Frouhe’s a and b 



constants we had to convert the expressions foi- hO into degrees. In 
same manner, the above expression for the resistance inonicnt is in circular 
measure, and for our purpose is re<)uired in degrees. Expressing 6 in 
degrees, the resistance moment hecoincs 



7?he resistance .noment being necessarily of the dimensions of a weight 
multiplied by a length, the quantity multiplied Sfey W in the foregoing 
equation iS the arm of a resistance couple corresponding to GZ of the 
stability couple. In the graphic integration we mt^e uilfe, not of GZ simply, 
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Tjut of a* modified ft Z which is . Dealing with rhe arm of the resist- 

• V m ® 

ance couple in the same way, we get a modified resfttance lever which has 
to be added-to or subtracted from the modtftcd G Z in order to take account 



of the resistance. Multiplying the arm of resistance couple by we get, 
as the modified lever, 

2Ta d6 3 
TT^ dt 4 

» 

This was named by W b’roude.the Sesistaiwe Indicator," and has to be 
added to or subtracted from the modified force according ai» the ship is 
swinging away^rom the upright or towards it. 

• To calculate the “ Resistance Indicator.”— Take any value of 

say 4° per second, and from the known values of T, (i,and h calculate the 
two terms of the expressfon separately. Let A B, fig. 300, represent the 

first term and BC the secend. The first lerm varies as , and .'. if we draw 




408 


THl DESIGN AND CONSTRUCTION" OF' SHIPS. 


the straiglit Hue O B this will ivprcsont the first term for all values of 
’* /dd\^ 

The second term varies as ( — 1 . heuce at '2 feel per second make DE = JBC 



Fni. 303.—Graj)liic Integration of Still-Water Resisted Rolling of Il.M.S, “ Devastation.” 

e= -072. 
h= -015. 

T=6’75 secs. 



and at 8 fffet per second make’P’R = 4BC. Thdn a curve through'0ECK 

will give us the arm of the “ flesis'lancc Indicator” for all S'alues of —. 

di e 

Application ot the “ Resistance Indicator ” to Graphic Integra-' 
tion- —As before, make AC=1‘101.ST, fig. 301. The most convenient scale 
is 'f=10 inches, then AC =10"'3. Draw ABD perpendicular to AC. 
We make A D the base line of the resistance indicator, so that B R is the; 
value (ct the indicator corresponding to the angular velocity tana. The. 
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'ertioal»scale af the inchcator curve has to be arrange; 1 to suitrthis, and it 
3 done in the follewing mann*’: — 

Suppose tan a represents 4 degrees per second, ^ 

• AC= I'OIST seconds, and AB = ACtana 

= 4 X 1‘013T degrees. 


Phe scale for'degrees, measured along A D, is J inf..V I degree, 
llstance along A D correspondin, • to 4 degrees per second is 


. ab'= 


4xl-013T 

S 


inches. 


Hei:-e the 


Similarly for any other angular velocity. Thus the indicator ci.» > e can 



be set* up with A D as base, such that any oi-dinate BJt represents the 
“Resistance Indicator” for the angular velocity tana. 

Having set up the curve in this manner, we proceed in the same way as 
for unresisted motion. , 

Suppose the vessel to be heeled over to an angle S] = AP„ fig. 302, and 
given an angular velocity — tana. L)raw pai*allei to CH. feet di>wn 
_ ordinate of modified force curve at angle dj. Sketch in the first portion 
of the force curve F, Fj for wireduted motion, and guess in thc^ curve Fi/j 
for rmiited motion. Find,'as before, the 0.G. of the effective force curve 
AFj/j Aj, thei^the tangents to the {$, *) cift-vc at P, and Pj must intersect 
above this, feet up H B = mean ordinate of A Fj/j A,. Then the tangent at 
P, to the {6, t) curve is parallel to B 0. We have the aifditional check that 
F„/„=«B.R., and A.,F 5 must equal the ardinate of modified force curve ai the 

angle Aj P^ We go on for increments of The curves of (6, t) and 

FjFjFj, etc., cross on the base line. Thp dotted curve Fj/j/g, etc., m%et#the 
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curve Fj Fj Fji'eto.^ at the extreme angle ot roll. An example of tills method, 

for the same ship as fig. 298 is drawn, is shown in fig. 303. The values of 
a and 6, the constants in tlie formula of cxtiuctioi, were obtained from 
experiments. As in fig. 298, the ship is supposed to be heeled over to 20° 
from the uj^right, in still water, and allowed to roll freely. .Slie becomes 
upright again in time r)’36AT = 0’’'36T, and reaches the extreme angle on the > 
other side of The upright in time 8AT = 0'8T, the a' reached being 1 i'. 

■Rolling amongst Wa.'‘s — Resisted and Unresistefl.— The 
graphical method of dealing 'eh this difters from that for still water inathe 
fact that the stability is now that given by the inclination to the wave 
normal instead of to the vertical, otherwise the process is exactly the same^, 
as for still water. / 

We start by drawing 0 A B, the curve of the wave-slope, to a bat - of time 
(see fig. 304). This i.s generally assumed to be a sine curve. As before, sot 
up our “Kesistance Indicator” Oil. There is no indicator in the case of 
unresisted rolling. The (6, t) curve starts according to the initial conditions 
of heel and angnlai- velocity iii precisely the same manner as before. Oucss 
in the first part of the {6, t) curve I’, 1’^ 'I’lic difi'erence between the ordinate 
of this cur.e and tliat of tlie eurve of wave-slope gives the inclination for tlic 
stability, and the oi-dinate of the modified (IZ curve at this inclination gives 
us the force for unresisted r..l1iiig. We can thus get in our curve F, F„, then 
by the process already given we can get our curve Fj/j of effective force. 
The process hi this case is rather tedious, but eacli step is seli'-clieekiiig, and • 
the correct solution can be obtained. An example of the applicairm 9 f tliis 
method to tlie case of unresisted rolling amongst waves is sliown in ti*g. 30.5, 
which has been worked out tor the same ship as figs. 298 and 303 have been 
drawn. Tlie sliip is supposed to he initially at rest in the trough of a wav< 
of maximum slope 10° and of period twice tlie natural period of ship. She 
reaches a maximum inclination of 16'6” at 1'35T, and then comes back to an 
inclination ot 0'8° in time 2T from the start. 



CHAPTER XXXIJ. 


METHOD OF REDUCING ROLLING BY 
BILGE KEELS. 

Mechanicai. metlioik have been adopted to reduee the rollin); of ships. 
E.\ternal keels increase the resistonoo. Wlien such a projoetim? is fitted other 
than at, the middh; lino of the ship it i.s eallo<l a bilge keel. The action of 
bilge keels is ditferent from the other m(j|tiods that have been adopted to 
restrict rolling in that they are fitted on the outside of the ship with the 
intention of devclopitig a greato:c’'!tesistanee to motion in the surrounding 
water, whcrea.s the othei- methods depend upon the motion of some loose 
weight or weights which operate against the motion of the ship and arc fitjted. 
internally. 

Mr W. Froude’s Experiments. —In 1871 Mr W. Fronde conducteUi 
series of experiments on a model of H.M.S. “ Devastation ” in order to test 
the relative efficienoy of various depths of bilge keels. The model was made to 
a scale of <iVth full size, and was so weighted that its C.(l. was in the correct 
position, it floated at the proper waterline, and the pcri(xl of roll wks pro¬ 
portional to that of the ship. The model was trie<l under the following 
conditions:— 

(1) Without bilge pieces. 

(2) With one keel on each side, representing a 21-inch bilge keel in the 
actual ship. 

(3) With one keel on each side, representing a 36-inch bilge keel in the 
actual ship. 

(1) With two keels on each side of same size as in (3). 

(5) With a single keel on each side equivalent to 6 feet in the actual shi]^. 

The model was tried in still water, being heeled over to an angle of 8f’, 
when the middle part of the upper deck edge was just immersed. It was then 
set free and allowed to oscillate u itil coming to rest. The following ere the 


recorded results; — 



Condition. 

• 

Number of 
Double Rolls before 
coining to rest 

Period of ‘.j 

Double. Boll. 
Seconds. 

(1) No bilge keels ..... 

SIJ 

, V ' 0 ! 

j-r7'' 

(2) Single 21" keeh on both sides 

m 

1-9 ■ i 

(3) ' „ 3H" „ „ . . 

(4) Double 36" ,, ,, . . 

S 

1-9 ! 

5S 

1-92 1 

(6) Single 72" „ ,, 4 ' 

4 

1'99 -■ 
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Thus, flying l)ilgG keels bas a small effect ilpoii the period of the i^ssel s roll. 
4 single bilge keel*tf more effective tlian two of half the size. 

A series of experiments were carried out with the si mo model to determine 
she steadying effect of bilge keels when rolling amongst waves of approximately 
the same period as the ship. It should be noted that these waves are rela¬ 
tively steeper in tlie case of the n'odel tliaii tliey would be for the ship, so 
that the results should not be taken as an indicati. , if what would bo likely 
to.happen to the ship. Tlie res '^s were— i.' 


With a 6-feet tkeel on each side 


3 




none. 


Maximum angle reached. 

5 degrees. 

. 131 „ 

model upset. 


This again shows the i-elative advantage of employing deep keels. 

Mr W. PVondo also made a series of experiments on full-sized ships. The 
“Greyhound” was fitted with liilge keels 100 feet long and .3 feet 6 inches 
deep. Another ship, the “ Pei.^o\is,” haU no bilge keels, but was trimmed 
until she rolled in still water at tin sime nat\iral period as the “Greyhound.” 
These vessels were taken out 1c. sea and allowed to roll. It was found that, 
upon all occasions, the “I’ersens” rolled just twice as much as the “Grey¬ 
hound.” 'I’ho larges* rolls : ■cimlod were 23° for the “Perse' s” and llJ-° 
for the “Greyhound." On one occasion the “Greyhound” was observeel 
to be behaving rather woise than usual, and it was found that one 
of her bilge keels had been torn off, it having been fixed on tc np-crarily 
with bolts. 

Experiments on the “Repulse” and “Revenge.”— These are the 
only experiments carried out in large-sized vessels, and the results obtained are 
of gro#t importance. From experiments and observations it had been decided 
that, in ships of large dimensions and inertia, practicable sized bilge keels 
would have very little steadying eftcet (.see j)age 416). It was therefore 
decided not to lit them to ship of the “ Royal .Sovereign ” cla‘ s, but, for 
purposes of experiment, the “ Repulse,” a ship of that class, was fitted with 
bilge keels 200 feet long and 3 feet deep, and tried in company with other 
vessels of her class that had no bilge keels. One of those vessels, the 
“ Resojution,” had been purposely kept in the same condition of stability as 
the “Repulse.” It was found, when at sea, that the maxifii m angle reached 
by the*“Resolution” was 23“, whereas that for the “Repulse” was 11°. As 
a result of the exj)eriouc.e gained from these trials, it was decided to fit all the 
ships of that class with bilge keels. 

In order to throw more light upon the ^bject, with the view of obtaining 
information for guidance in future designs, it w.as arranged that still-water 
rolling experiments should be carried out on the “ Revenge,” a sister ship to 
the “ Resolution.” These ‘experiments were condmfted by Dr 11. B. Fronde 
and consist of two series. The firs* series was made before the^bilge keels 
were flttbd, and the second ‘after they had b%en fitted. In each series trials 
were'made by rolling the ship) in her coi*diti8n of maximum G.M. and also 
i»the condition of the minimum G.M. likely to be reached on servnee. 
Trials were also made, when bilge keels had been fitfhd, with the ship 
under way as well as with no headway. The particSilars of the whip 
during the trials are— 
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r 


( 

. 



€i 

f 

Without Bilge Keels. 

; With BUge Keels. 


' 1st Trial. 

2nd Trial. 

1st Trial, 

2nd Trial. 

Mean draui'ht .... 

. i 27'6" 

26' or' 

26' OJ 

27' lir' 

Displiyomeiit, urns . 

14,300 

Ki,370 

13,370 

14,620. 

iK^etaceiitrie lieijjht, foot . 

S-7S 

3-25 

3-29 

3-86 

Period of single swng, seconds . 

7-fi 

8-0 

8-4 

7-IS 


The bilge keels were 200 feet long and 3 feet deep. The results of all the 
experiments are given in fig. 306, which are “ Curves of Declining Angles.” 
The abscissa' vahies correspond to successive swings from port to starboard, 
or vice versa, and the ordinates are the extreme inclinations to the vertical 
for each swing. It will be seen that, starting from an inclination of 6’ 
to the vertical, after 18 swings the angle reached is 3^° without bilge 
keels and 1” with them. Also without bilge keels it takes from 45 to 60 
swings to reduce the angle from 6" to 2°, and with bilge keels it only 
takes 8 swings. Another striking effect noticed is that the fitting of the 
keels desti'oyed the isoohronism of the roll at large angles, the period being 
greater at tlic greater angles. 

The effect of headway on rolling is tliat the rate of extinction is increased 
(see fig. 306). Tliis is apparent from the following table, which shows the 
angle of inclination reache<l by the ship when started initially at from the 
upright. 




Sjieed of Sliip. 



i Nil. 

10 knots. 

i 12 knots. 

4 swings 

Degrees, 
t 2*95 

Degrees. 

2-35 

Degrees. 

2-2 

- 8 ,4 

1-95 

M2 

105 

12 „ 

' 1 ’45 

•r.r> 

•15 

16 

1-15 

•20 

•25 


I 


The reason for this increasedj.rate of extinction is, when the ship has no 
lieiidway, the rolling motion sets up a corresponding motion in the wafer, and 
onc! its inertia ha.s been overcome it offers less resistance to tlie motion of 
the ship} When undei way, however, the sliip is constantly meetitjg water 
at rest, and has to be continuously overcoming the inertia of the w’ater at 
rest as she has at the beginning of each roll in still water. This ihvolves a 
greater expenditure of energy for . given roll than when in still water, and 
so causes a greater extinctive effect. <-■ 

Tliis experience is familiar to those who have noticed that a ship that 
has been going ahead in a rolling sea will roll more when the headway is taken 
off the ship bj' stopping the engines. 

Mathematical Analysis Gf Effect of Bilge Keels.—Consider 

a small elemental area dA, fig. 307, of keel, distant r from the axis 





Scale oT Angle FromVerticaL in- I>egreei 
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of osoillu.tion^ »The lavpeof re^talicn of 4 piano moving norma^y through 
a fluid is *„ • 

Il = CAV2, 



Nij'tbcr or Successii’c Swinga 

l 4 J2 1 o S W IS 


St Ale 
Fig. 30G. 


where R is tlic resistance, (i a constant, A tlie area of the plane, and V 
its velocity. 

<^6 

If is the angular velocity of the ship, this law applied to the element 
dk of bilge keel will give us ___^_ 


r-cja(.|)'. 


and .•. the moment of resistance 

will be 

/^A,..(«)' = CAP(«)- 

where Af“= j^^'^dA, or I is the cube 

root of^the mean cube of r. 

Comparing this with the formula 
on p. .SS.I where the mqment of 



resistance is 




Kto. 807. 


we see that «K,, = (!A/^. 

* We have seen, p. 386, tliat with such a resistance the,decre.nent of roll 
is given by ^ 

where is the mean angle of roll from out^to out. 
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Hence 

3W»tT2 l- 

Now 

T.-. 

V (/m 

And 



“3WK2 

4 CAf» 

= 3 1-^"'" 


\V 

where T = - - = nionieiit of inertia of ship about a longitudinal axis through 

its j 

In similar ships P varies as the displaceiiieiit, and tlierefore a given area 
of bilge keel will produeoa decrement of roll proportional to the di^lacement 
of the ship, and inversely proportional to the moment of inertia about the axis 
of oscillation. Thus a given area of kecd is more effective in a small ship than 
in a large one. Also, with the same fonn and displacement, and same area of 
bilge keel, the decrement is inversely jn-oportional to the mass momout of 
inertia. 1'his led to the omission of the keels in the vessels of the “Koyal 
Soveieign” class, see p 413. 

The reason for the differeucc between the above theoretical result and the 
experiments is, that we have assumed the whole of the extinctive effect of 
the keel to be due to head resistances, whereas a considerable amount is due 
to the stream line action at the keels when the vessel is rolling. 
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MEANS OF RESTRICTING ROLLING 
MOVING WEIGHTS. 

l,\ addition to bilyo keels alniady considered, various methods have been 
levisefl by wfnch toliino can oe restricted. Tlicse liave mostly taken the 
Form of n loose weight oi wijgiits which are set in motion by the ship 
rolling, a..d are such the.l toeir centre of gravity moves so that a righting 
joiiple is created. 

Water Chambers. — .n I8H4 Sir Philip Watts made a s-^ries of experi¬ 
ments on the ellecl of w'ater chambers on H.M.S. “ Inilexiblc. ’ Tliese /ere 
fitted atliwartsliips, and tlic widtli across the deck eonld be made either 67* 
feet, !)1 feet, or 16 feet. Several depths of water were tried, am. f'.tt. effect 
apon tlie extinction of rolling observed. Tlie main concinsions wore-- 

(1) Best e.xtinetive effect was obtained with a certain depth of water, 

this being such that a wave of translation moved across from side to sioe 
in th* same jieriod as the ship’s roll. • ^ 

(2) With this critical depth of water, the resistance begins at a very 
small angle and increases rapidly np to a certain point, and then remains 
practically constant. 

(.3) With other dejiths the resistance did not begin untd at larger angles, 
and the greater the departure from the critical depth the greater the roll 
had to be before any resistance was observed. 

(4)» At large angles the disadvantage of departure from the critical depth ' 
W’as not marked. The water rushed across the deck in tht? lorm of a breaking 
wave dr boro. • 

A comparison was also made between the effect of increasing the depth 
of the bilge keels by 2 feet and taking the lull breadth of water chamber 
with Wie W'ater at -its critical depth. Thi^ results were that the addition to 
the bilge keels added about § extra resistance to tire shij) ,at ordinary angles, 
whereas the water at 5° added three times the original extinctive ett'eoi, at 
12° once, and at 18° one-half. So that below 1,5* the water chaSnber has 
an enormous extinctive eileet, and*ia the most ett'ectivi' means ^if damping 
and preventing oscillations. * 

Sir J. I. Tliornycroft’s Apparatus. —Tn 18!)2 Sir.l. Thornycroft gave 
t# the Institution of Naval Architects the results of a series o'' experiments 
he had made upon a mechanical device to prevent rolling. The apparatus 
is shown in fig. 308, and consists of a bhllast tank, shaped as shown, moiwited 
upon a shaft, and free to turn completely around.it, the shaft bejug inclined 
aft so that the weight tend<;d naturally to|take up a position of equilibrium 
along the centre of the vessel. 
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The motion of the Iwilkst wasreontrolkd by a wajor cylmtie( containing a 
piston, and having loaded valves which liviited the r^istance to motion 
ottered' by the water ^n the piston. The piston was connected to a crank 
on the shaft. This cylinder \xas also available for giving motion to the . 
ballast, which was ettected by an electrical device actuated f by a short 
pendulum which was li.ved at the of the ship. This pendulum always , 
tends to set itself normirl co the ettective wave-slope, the conso'iuonce being 
that the vessel is always kept normal to tliis wave-.slope, and thus does not 
experience a large roll, as the greatest slope of the wave is about 9°. The 
weiglit itself, when moved out at the greatest distance from the centre line, 
inclined the vessel about On one occasion the apparatus was effective in 
reducing the roll at once from 18“ to 9”. 

Herr Schlick’s Gyrostatic Apparatus.—This was introduced by 
Dr Schlick at the 1904 meetings of the. Institution of IS aval Architects. It 
consists essentially of a heavy fly-wheel fixed to a vertical axis that is mounted 
in a case, the case itself being mounted on an athwartships shaft, and free 
to oscillate about it. The wheel is caused to rotate very rapidly; then, as 
the vessel rolls, the axis of the wheel tends to move in a vertical fore-and- 
aft plane, and thus to become inclined to the vertical. Its oscillations are 
damped by means of a brake attached to the outside of the casing, so that 
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the wheel is caused to pitch in the vertical plane with an angidar velocity 
proportional to, and in phase with, the roliuig couple causing it. The 
gyroscopic action of the wheel has then its maximum (>ffect in preventing roll. 

The two primary effects of the apparatus are that, due to the gyroscopic 
action, a couple is induced acting in the direction opposite to that of the 
external rolling couple, and also the period of oscillation of the vessel is 
increased. Hence, due to these causes, the rolling motion is very greatly 
damped. ^ 

This apparatus was fixed to a torpedo-boat, and a series of experiments 
was carried out both in still water and at sea. The particulars of the 
gyroscope arc;— 

Outside diameter of fly-wheel ... I metre. 

Weight of wheel (without spindle) . . 1100 lbs. 

Teripheral velocity .... 27 D8 foet-seoonds. 

Tlevolutions per minute .... 1600. 

The particulars of the vessel are— 

Length at the waterline . . . . 110 feta. 

Kxtremo breadth . . . . 11'7 „ 

Mean draught.I1’4 „ 

' ])is])lacenicnt . • .... fi6’2 tons. 

Metacentric height ... . 1 ’04 feet. 

Period of oscillation with gyrd scope at rest ' 2’068 secondi 
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rn still \*ter, with J;he gyrosOipc ire* to move, the perioa mcreaaea to 
3 seconds. The vtjsel was heeled over to difl'ereiit angles, and the number 
of rolls taken to reduce the inclination to half a degjee was noted with and 
without the gyroscope. The results were— • 


Angle of Hi-el. 

• 

10 " 

13 " 40 ' 

With the apparatus in 


I 


N ..j>S Rolls to reduce inclination to J”. 
_ . .. * _ 

A^itli Gyroscope. \V itliout Gyroscope. 



use at sea the following results wore noted 
Alio OF Oscillation'. 


GvrO'Copo (iwd. 1 Gyioscope free. 


03” 1° 

30° 1° to 14 ° 


JO that the total arc, from extreme port to starboard, neve- exceeded 1^" 
with the apparatus working freely. ^ . 

Mt Cr^mieu’s Apparatus. —In 1907 the author made a scries o." mode.' 
exjierimonts upon a roll-de.stroying apparatus invented by M. (Iremieu of 
Paris. The apwaratus consists essentially of chamber shaped to the arc 
of a circle, as sliown in fig. 309. This cbaiuber is fixed w.ih the piano of the 



Fig. 309. 


circle in tho vortical transverse plane, and is filled with W'ater or some more 
viscou*- liquid. A heavy ball B is placed the chamber, and can move in 
the athwartships plane only, its motion being damped by the liiiuid. The 
apparatus is 30 arranged tiiat there is a phase ditt'ei^nco of 180° betweoif the 
motion of tho ship and the ball,,and then the righting couple has its 
maximum effect. 

The model upon which the experiments wye made was l/49th the size of 
an actual ship,*and was accurately weighted and adjusted so that its C.G. 
wls in the correct position and the model dynamically rqpreso ted the ship. 

Since T = 7 r and both K and ?a»are to scide, tho period of tho njodel 

v ffm 

was l/7th that of the ship. 

For purposes of experiment tho ap|j.aratus was tested against w#ter 
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chambers having tlie same woiglit^ Two forms of wjtter chawlfirs vjere^iaed. 
One was tile ordinary rectangular box form, «nd the othej'*liad a restriction in 
tlie middle and was o{ the form indicated in plan in fig. 310. The results 
of the oxperiiiioiits are given in Ug. 311 and table. 

It will be noticed that curves C and 1), given by placing plaifl rectangular 
water chambers with 1 inch depth of water in the model, show an increase in 
the rolling comjKired to«^__tho normal condition, and also limgtlmn the period 
of roll. This latter effect probably results from, a 
deere.ase in the metaccntric height, duo to the pres¬ 
ence of free water in the ship. 

A comparison of curves h and c with 15 and C 
shows that a diicidod gain has been effected by using 
only half the same depth of water in the chamber, 
with the .same amount of free surface. 

This is bocanso the lessor depth is mon^ nearly eipial to the depth of 
water in which a wa\c of translation will move across The chamber during 
a single roll. '• 

By using an obstruction for the jiassage of water at the middle of the 
chamher a still further gain in roll extinction, due to damping, is effected with 
the same, wi'ight of water used. Compare K 15, K t', and K D with B, C, and 1). 

(hirves K, </, and h indicate the best 
rcsult.s, as with least weight of ap])aratUK 
, the longest period and iptickest extinction 
is observed. 

Ttie (Jremieu apparatus placed in the 
moded has the advantage of occupying less 
space than the water chambers, and, 
owing to the absence of any free liipiid 
surface, there is no change in the meta- 
centric height, as is evidenced by there 
being no change in the ptiriod. 

This apparatus was also tested in a 
model of a sbipshajied section that was 
caused to oscillate by being mounted on 
curved rockers 15, tig. 312, which were 
shaped to the curve of buoyancy and 
rested on a horizontal plane. It was 
found that, with" the Cremieu apparatus 
in position, the model when inclined at 
60° comes to rest in 21 seconds after six double rolls. Wi.th no roll-flestroying 
apparatus, and hwly ipiite free to'oscilliatc, it comes to ro.st in 20 minuRjs after 
240 double rolls. This shows the great effect produced by the apparatus. 

Comparing the ctTect'-- of the Cremieu appaiutifs and the water chambers 
upon the ajiparatus sketched in fig. 312, .it is found that the water chambers 
arc rough IJ twice as ofti'ctivo at the Cremieu apparatus. The uofee of the 
water chandicr is much greatextlnvi the Cremieu apparatus. These chambers 
have been fitted in some warships and a passenger ship, but their use Xjfas 
soon discontinued^ In the case of the ])assengcr ship the rolling was reduced 
by the use of the cjiamber by as much as 60 per cent, of the amount of roll 
which the ship luid when the water chamber wus empty. Herr Flamm has 
recently iirtented a modified form of water chamber which is said to give 
sal^sfa^'tory results. 



Em 31-2. 




ClfAPTER XXXIV. 

PITCHING AND DIPPING OSCILLATIONS. 

Pitching. —Thih litis idroady boon coiisidi-'rod in Vol. 1., (:lui|itor XXV., 
where an ..tteui]it has beon made to doteriiiine the stresses prodiieed in the 
structure of a^Klii|) due to fiilelnno iinioi'gst a regular series of wines. Here 



we are conecnied with tlie inotlon of the ship as a whole. The distiirbiug 
force ill this case is the chaiii; of distribution of bnoya"c_v due to the ship 
passing through wines obliquely or at right angles to her length. 



Thus, the effect of a wave as it passe* al»iig the ship’s length is, in fig. 
413, tojshitt tlie C.B. forward from 15^ to B,, and hence cause a disturbing 
couple W(i. Then, when the crest passes aft, the C B. niiwes to B.^ (fig. 314), 
and causes a couple Wfi in the opposite direction to the Jorin^r couple. The 
motion is approximately harmonic, and its magiiiUide is not as great as in the 
case of rolling, while the tUiid resistances are nuicli greater. Thifs we do not 
get as large angles of pitching as of roll| The period of pitching is a];out 




VI vpnjrt^uii/ 
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half that for roll. A vessel pitchliS heavily |i when ateaming <f^8t against a 
head sea because the pitching couple ichange! sign muchr inore rapidly than 
when the vessel is at roift or running aV’ay from the sea. 

Combination of Rolling and Pitching. —In 1898 Captain KrilofF of 
the itussian Imperial Navy gave to the Institution of Naval Ai'chitects the 
results of a series of calculations made upon a vessel to determine the com¬ 
bined effects of rolling, ‘pitthijg, ana’ y."i' mg when steaming obliquely to a 
regular spries of waves. The ^rti'cdiars of the ship and waves are— 



Fig. al5.—-Diagram showing the Variations of the Amplitudes of Pitching 
and Kolling with the cour.se, head and speed of the ship. 

Amplitude of Rolling. 

. ,, Pitcdii.ig. 

Length of ship 350 ft. 

Behm . .... .48' 6". 

Draught . .' * . . .19'. 

Displacement . . . 5000 tons. 

Length cf wavw* ...... 420 ft. 

Ilciglit . . . . ' . . 16' 6". 

Period ... * ... . 9 seconds. 

* ^ 

h'ig. ,315 shows the amplitudes of rolling and pitching fol the vessel af, 
rest, and also moving at 8 knots and 10 knots. The abscissm are the angles 
which the lino of motion of ship make,with the line of motion of the wave. 
From? 0° to 90° 'she is steaming away from the wat’es, and from 90° to 180° 
she is steaming towanls thfim. It is instructive to note that, with motion 
aheq,d, the amplitude of rolling isj greatest w'hcn* steaming away from the 
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wa'As, jnd greater <;he spefc If the Aip the smaller the ingle between 
the Une of auvandt^of the ship Ind thewwave at which this maxithmn occurs. 
On the contrary, the amplitude of pitting is greatej when steaming towards 
the waves; but whether steaming away jrom or towanls the waves, the 
pitching aiflplitude is in each case greater than when the ship is stationary. , 
• In the same<mannor as syi jhronism in rolling is conducive to violeub 
motion, so is is with pitcliing. author rem^u. r .s a case when just off 
the coast of New’foundlaud, t/- vemel met a smooth, glassy sea with just a 
slight, almost impcrceptibii i^voll, and the vessel pitched so Leakily to 
cause the water to brejk com'^letei}’ over her bows. Generally, h iwever, the 
period of the ship for pitctiing is greater than the pcricsl of the wa^’e. and w’ 
get the eftbet as in the corresponding case for rolling, which lifts b-.n deait 
with on p. 39,3. See also p. loi, Vol. 11. 

Heaving Oscillations. —These have already been dealt with in Vol. I., 
Chapter XXV., for the case of a ship steaming head to sea and not rolling. 



It was shown there that the passage of the wave relatively to the ship caused 
an inequality in the forces of weight and buoyancy, which produces a vertioair 
oscillation of the C'.G. of the ship. When a ship rolls ab rui. r longiftdinal axis, 
the amount of displaced volume dejiends partly on the form of the ship and 
partly upon the vortical jwsitioii of that axis. If at any instant the forces of 
weight and buoj’ancy arc not equal there will be a tendency to produce vertical 
oscillations simila); to those due to the passage of the waves •w hen moving 
agaiifet a head sea. The oscillations catsedsiu this way have been called 
“ Dipping Oscillations.” ^ 

Dippingf OscillaticAlS. —A ship’s complete isation in rolling has been 
considered as (1) a motion of rotation about an axis through the C.G., and (2) 
the motion of the C.G. its6lf. The former 4ias been .already trSated, and we 
will now consider the motion of the C^., wvhich must necessarily be in a 
^losedjpath. ^Tiis may be divided into a vertical and a horizontal oscillation. 
The former is the more impoi-tant, and we wall confine otir attention to that 

only. • ’Vi 

When a ship rolls through a fairly large angle, the inclined waterplane 
may or may not cut off the same volume of dispfacement. If it’does not, the 
unbalanced force will cause a vertical or dipping ” oscillation. 




i24 THE DESIGN AND CONSfRfJCTfON ,bF 


Jhe same\ffect is profluoed if wa siiddet'iljtadd ortsubtract»i^weig;}it from 
the ship. «\ippose this is done and .the vdsel sudden^jf rises or sinks a 
distance .r, fig. 316. hat A lie the arc|{. of the waterplane. Then the force 
acting — A.r»' whore ic is the weight of a unit volume of w^ater, and if W 
is the weight of the ship in the new condition, its eipiation of motftm will be 
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t iiti Hhip oscillates lianiionically witli m mathematical period 


'V 1 %’ 

wlierc / is tlie tons )iei' inch immersion of tlie sliip. It is found that this 
period is about lialf the period of roll. ' 

Complete Motion of Axis of Rotation of Ship during a in 
Still Water. —In the Tnmsactioun of the Institution of .Naval ivrehitects 
for ]9 d 9, iMr A. IV. .lohns has endeavoured to build u]i the complete motion 
of the axis of rotation for the e.ase in which the wedges of suhmcrsion and 
emersion arc eipial. lie consider,s a ship in a [icrfeet iluid, and shows that the 
path is a svmmetrical curve of four loojis, the loops intersecting at the C.O. 
Thus the axis passes through the (At!, when the ship is upright, and also 
when sip' is at her extreme angle of roll on either side. It we pass from this 
to the case of an imperfect iluid, the lower loops are increased and the upper 
ones diminished. If the ship has bilge keels their effect is to further increase 
the lower loops, and also to pull the intersection ol the curves below the C.O. 
The axis of oscillation will he genei'allj' helow the waterplane, and tlnfa the 
tendency will he to form snrl'aec waves, i.v. the " ■oclVIcient in the formula 


S0—a0 + M- 


will be increased. 
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Shearing, and Flanging Machines.—Cranes. — Coal Discliarging Machinc.i. — Dnl'* .'d 
•Cutters.—Pile Drivers, Excavators, &c.—Hydraulic Machinery applied to Br''lges Dock 
■^tes, Wheels and Turbines.—Shields. —Various Installations —Meters.— Index. • 

‘*The standard work on the application ol water power .”—Catsiers Ma^atine. 


Stroud Edificiiii Oreadj Enlarged. P/l i-xiv + 336. With /Vonit.^n'ece, 
0 IC PlateSf ano 2V9 other Jlluslrations. 21a net. 

THE PRINCIPLi:.^? AND CONSTRUCTION OF 

rCMPIKO MACHINERY 

(STEAM AND WATER PRESSURE). 

With Prac+’O^; llluslidbU ns of Knginbs and Pomps applied m Miniso, 
Tows sVater Sopple, Dbainaoe of Lands, &o., also iScouomy 
and Rffioienoy Trials of Pumping Machinery. 

By HWTIY DAVEY, M.Tnst.C.E., M.lNST.MEcn.B.. J-a 

“By the ‘ouo Engliah Engineer who probably known more about Pumnlng Macbluery 
thrin AKT OTHER.' ... A VUI.UUK KROOKblNO TUR URSIILTB OF LONG EXHER1KKC& AND 
■TCDi."—T'/ie Etiffineer. _ 


Tn lIiinilbOin\f'Joth, uitli ItHi llhistratioiis, imludhig 10 PlatCfi, ami with 
f Many Tablc.s. 10f>. Gd. ncl. 

CENTRI’:;VGAL PUMPING MACHINERY. 

■ By E. W. SAHUFANT. 

CONTKNTB.—Historical.—T?ui.^aincnt}il Principles.—^Principles t/ Design.- The Disc. 
—Pump OasinuR.—Pattern Makinc, Moulding, and Machining.—Varunia I'ypcs of CasingB 
—Pump.s in Scries - Parallel Cuninfuc.il Pninpa - Charging Apparatus.—'J’esting.—Pipe 
Arrangements and Vulves.—Macluiicry for Draiiiago and Irrigation—Sewage Pumping 
Machinery.—Machinery lor Docks.—For Salvage of Wrecks.—Fire Pumps—Pumps 
driven by Steam Turbines.—Rotary Air Pumps.—^I’umpe for Dredging ana Conveying 
Solids.—Cutter Gear.—Dredgers.—Transiiortor Dredgers.—Cost Prices.—Index. 

^ “'riie letterpves'! IS (imituemlalily clear, as are the illustrations . . . sijrf to be 

• In Skd am 8vu. Cloth Pp. i.-xvi + 473. ‘Witli 345 Illustration*. 18a net. 

MODERN PIMPING AND HYDRAULIC MACHINERY. 

By KDWARD BUTLEU, M.I.Mech.E. • 

• CONTBNTB.-Ina-o.'.uotnry Uumarks.—Early DirUht-acSng Steam Pumping Engines.— 
WalerworkB Tumping Engines, Rotaia' Class.—Waterivorks I’uinping En^nes, Birect* 
ftotlsp Duplex Class.—BilTerent-ial Ron-rotativo Pumping Engines.— Mine l^impL 
Force Pumps, and Sinkliif l*ump8.—Suction and DeliviTy ITiJves.—Boring AppUanew 
Ibr Artesian Tube Wei’-. -Artesian Widl or Boreliole Plunger and Air-lift Ihiinps.— 
Appliances for Raising I’otruleum froin Artesian or Borehole W’^clls—Boiler-fped and 
■Oineral Sertace Piijups.—Injectors, .let Pumps, ancL Ejectors.—Vacuum and ikindenser 
Pumps.—Hydranli'* Power Pumps, Ram Pumps, and Steam, Air, and Gas-Mvrer Dis¬ 
placement Pumps.—Fire I’umps and Uigh-spard Rluugcr Pumps.—VariabUi-delivcry 
rumns an^Yarlable Transmission by Hydraulic Tower.—Massecuite, Ilotaiy> Oscillating. 

Wind^wer Pumps.—Tjow-hft and Hlgh-Iift Centrifugal Pumps.—Rye’ aullc Power 
. wnecls.—I ndex. e 

**Tbis work is a veritable oncyclopxdia . . . with excellent and.abimdant dia- 
UtminB .'*—Timeg BtiffiMering Supplmert. ^ 

Set nlgQ Pr a ctical Hydraul i cs for Mining StBdanU, Prof. J. Park, p . 55^ig^. Cat. 
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CHARLES ORIEFIN’A CO.’i' pbBLJGATlO^S. 

In Medium 8vo. With over 800 Pp.ges and over 1000 Illustrations. 

' Clot-h. 25s. net. 

.A MANUAL OF CIVIL ENGINEERING PRACTICE, 

Specially Arranged for the Use of Municipal and County Engineers, 

By F. IIOEB TAYLOR, (j'.vu. Engineer. ^ 

Contents.—O rthiaure Maps.—Chain Siirve.wi'ig.—J^irveyirig with Angular Instill* 
meut-s.—Levelhiig.—Adjustinciit of lustruiueiits.—Mensui’ution of Areas, Volumes, 
Ac.—Ti.e Mt'chaiiios of Engineering, Ac.—Beams.—PWlars, Stanchions and Shafting. 

‘ —Design of Stnielure.—Arches.—Grajihie Statics.—AHterials of Construction.— 
Engineering Cimndations.—iiiiekwoik and Masonry.-Walls * Constructional Car¬ 
pentering.—Road Alati'i’ialB.—Koad Construction - JicinforcicJ Concrete Constiuctiou. 
-Masonry Hridgesand Kivei Work - Hythaulics.—Land Drainage —ruinping Machinery 
and Stations.—Tile I'sc of Water-Power.--Main Dunnage.—Sewage Disposal.-Royal 
Coniniission on Sewage Disjiosal.—Salford Sewage Woiks —Sanitation, IJtmsc Inainage 
and lX).infection.--Refuse Disjahsal — Waterwoi ks, I’vellmiimry ConsiMerations and 
Sources of supply—(’onstiuction, Filtration and Piirillcntioii.-Waler-woika.—Dis- 
tnnntioM —(’hiinnevs, Driek and .Steel. -Steel Constiuetion; Stanchions, Rivets and 
Bt>lts.—Sieel CtnibtriM'tion ; Ream.s and Oirdcrs.—Combined Struetuicb in lion and 
Steel.—Spcciflcntioii —Eleetiic Trainnaj'i —Ai>peiidj\.—iNi'kX. 

“A veritable (’(idc uiccioa . . . would pio^e an ac«|ui>>ition to the librin’y of any 
Municipal engineer ”~Sui ir;ior. 

In Medium 8vo. Pp i-xi t 313. With over 350 lllui-trutions Clotli I’Js '* . xiet 

THE MAIN DRAINAGE OF TOWNS. 

Tiv Y. NUIjL TAYLOR., Civil Engineer. 

CONTJ’.NTS.—Maps, Vlani, Sections, and Pnhmlnarj’ Couwileration"' —Pruiciplea of 
Hydraulics and IIyclr(wt.aUc8—Calculations la rehreucc to Disign of Sewngo Works.— 
Practical Construction, Trenches, and Tunnels.—J-'orms of Sewers. • Veniilation of Si wera. 

—Manholes, J.ainpholes, Storru Overllows, etc.—Puini'ing Sewage.—lioube Dnuntige.— 
Stfvage i>i8i>oaal from a Theoretical Standpoint.—Sewage Disi'OwU —Special 

Ooilatructfous.—T ahles.- -Inpex. 

‘•'I'lie AuUior may Ik- congratulated on the piodudion of a work that can safely be 
placed m tbe hands of student*, an<l ivhu h will sena a.s ii iis< fnl gui''.» to the inumeipaj 
engim er ’ - Times. , t 

In Medium 8vo. Cloth. Pp. l-xvi + 278. With 110 Iliostratlr is. iGs. net. 

MODERN DESTRUCTOR PRACTiCE. 

Ly W. FiiANClS (KKlDUlCn, As.sor.Inst C.K., E.l.San.Engrs. 
Contents.—S ome Alternative Methods of Refuse Dwpoaal.—Representative Type* 
ol British Destructors.—Systems of Charging Destructors.—Destructor.! combined with 
8owag< ^Yorks.—With Electricity Works.—RefuBc Destruction in C.iC.—Site.—Hpt cifl- 
eatioDS.—Design and Operation.—Operative Costs—Residuals.—1-orviga and Colonial 
Practice.—I npex. 

“ Well jllusli.ited ,in<l thorouglily up-to-date . . . slnmld be iu the lumds of every » 
T 1\!io IS responsiljlo for dehlriirtor de.sign or m:iinteu;uite ''Siii vci/or. 

In ll.mdsonie Cloth Pj). l-xm + \V p li n Df‘.i.b-I Dr-iw iiig^ end ' 

* PI lllu.stiMtioiis in the 'Jexi Os. lu t. 

R S F XJ S E DISPOSAX^. 

^ i'-yPRoF. E R. MATTHEWS, A.M.liist.C.E., I’.R S E., Ac. 

CoNTKNT?!.-Collei tion <,f House .Refuse — Dnposal (»f Uefiise,—Conieibion to# 
Manure -Destrudion by Burning —Tjpvs of Dcstructons.—The MiJdruni Destructor.— 
Hcen.Ti! De^triKdor - Other Destruct<us.- Dawsoti-.danheld In-stnicior.—Installation.s 
Jl»r Village.s, Wfir.vhoiise.s, Hospitals, Faetories, etc • i'se Joi Clinkeu- Clnmnej Con¬ 
struct ion. - \ acuum Cleuiv’f*p and Du^-t ('uliectirg — ISPT'X. ” 

'• Al'^-!olutely lehahle, . Ti e value <d sm l' a Tu .itiseto the Municipal Engineer, 

to mfiubers of f.oeal AutlmritH-s and otlieis interested m the subject cannot well 1^ 
<iver-esUii»-'il('d.’ —.Vnmeipaf Jmirut^l ' 

MODERN sewage” PURIF?^10N. "g. B. Kekshaw. [Se -page 23. 
SEWAGE TREATMENT. Dunban and Calvekt. [ V, 23. 

TRADE WASTE WATERS. Wilson and Calvert. [ „ 23. 

PRACTICAL SANITATION. Dr. Geo. Rum. | „ 23. 

filANlTAR)? ENGINEERING. FRAiSas Wo on. _ [ „ 23. 
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ANjy MECHANICS, 


SBVEKTBKincH ^ITION. Tiior(ftiKhly Bevieed and Be-set Throughout, and Crreatly 
Bnlarged. lArge 8vo. Cloth. X^ofuseyf Illustrated. Ifearly 1000 Pages. 28e. net, 

A MANUAL OF MARINE ENGINEERING: 

Compriaing the Designing, C-^nstiaction, and Working of Marine Machinery. * 

By A. E. SEATON, M.I.C.E., M.I.MePh.E., M.I.N.A. 

COKlilkNTS.—General lutrod •'tJoii. -'Kcsiatunce of ihips .tii.i Irdicated Horse jy' or 
Nece«»ary for Speed —.. then- Tjpos and \'ariiitioiia of Uesign.-Lieam 

used IxpauBlvely.—ateam . cd after Kxpjnisuai —Turlnnes — ICincieuey of Marine 
Enr’nee.—Engines, Simple ami^ Compound.—Uori>c-powei . Nominal, Indicutin, and 
Shaft or Brake.—General liesiei and tlie Inlluemes which effect it.—The Cylinder and' 
lis Fittings.--The Pnfton, Piston-Rotl, Comiecting-RoU.—Shafting, Cranks aiifl Crank- 
Shafts, <fef—FoiiiHlationa* hedplatet*, Columns, timdes. ami Ki-aiumg.—Condensers.— 
Pumi«.—Valves and \ nlvc Goar.—^ alve Di^ranis.—Viopolltfs —Sea-Cocks and ^ ah'*'* 
—Auxiliary Machincrj-.-Boilers, Fuel, Ac.; Evaporalioii.—Boilers; Tank Boilci Lt^i^n 
and Details—Water-Tube Boilcis.-Boilers Constrm-tion and Detail—Hi.Per tom't- 
ings and Fittings.—Fitting in Maelnnery — Starting aiiil Itevei-hing of Engine*, Ac— 
Weight nnd other Paitieulai.s of Maeliineiy relating thereti).—Etteciof eight. Inertia, 
and .V •mcntiini; Balaneing —Materials used by the Maiine Engineer.—Oil and Liibri- 
cants,Eugtno F'lictiou -’I'csis and Jimls, their Objects and Metb'ids Al’l‘EM)irK6i.— 
The Diesel' ml otbei Oil Engines also Moyd’^ Rules relating to - \ silvefiear - CotteveH's 
Method ^ (%iiisi,j..cting Ineri .i curves—Spare tleiii, ami B O.T nnd other Rules.— 
Boilet'*: B 0.1 , Lloyd'.-, .iilmnalt • .Ae.,Rub'‘‘rclattngto.—ElectricLigbt,Jtules.— 
Bid ty Valves. Huh-s - nils, Rub A(., Ae.- lNi*i;\. 

i' 'ponuinental uo ' . . up-to-date ifui/im-cr. 

TWiiLf-Tii EiUTiON, 1 uoj 'tughly Revised Thro,.ghout and Knlaiged. 

*‘ocket-8i , Leather. I’p i-xix • 71iL 8s Od.iut. 

A POCKET-BOOK OF 

MARINE ENGINEERING RULES AND TABLES, 

For* the Use of Marine Engineers, Naval Architects, Designer*. 

Draughtsmen, Superintendents, and Others. 

With vaiious Llugd's, B 0 Buiaw ^cnlin., and Gernmn Goveinment RiiU s. >* 
By A. K. ^SEATON. M.lsy'rC.K., M.i. Mpcir.E., M.I.N.A., and* 

H. il. KOaKTUWAITK, M.I.MeoilK, M.T.N. 

Contents.—P wuc Movers on Hlniiboard.—Kngino Power Jlca^ureinonta.—FUlcieiicy 
oi Marine Machine Propiilbii>n of Ships and Rt si.slanee.—Compound Engines.—f-Uam 
Expanding and Dong Work.—Pn-tou Speeds and Rrvointions ol Kiigims—Cylmdtas.— 
Pistons.—Riston.rfiO'iM, Connecting Rxida—Shafting.—Thrust Shafts and Blocks.— 
'I’lD./t .:i,*rBeariiigs ot (Tank Sliafts —Coudenser.* —Air Pumps.—Cooling Water 
Pumps.-- ‘‘’ecd and other Piinn- —R.ilge, Pumps. Pij s, and Fitling*—Pumplevcrsaiidi 
Gear.—Slide Valves for Steam Di'-trihiition, etc.—Valve Goaia- Revi'rsir Gear.s for 
Valve Motions - Steam 'I'ntuing Gears.—Screw PToiielk-rs.—Raddh'-whecl Propellers.— 
Sea Valves for Water Supply.— St.‘'am T’lirluni-s.—Internal Conibuatioii Kiig.ms.- Motor 
Boat.\ etc., using petrol.—Supi ihcated Steam.-Skin l ittings and Valves.— Rcsnlta 
of Trials of Engines.—Wire G.uigcs.—Copper J’lpes.—Wrought-iron Pipes.—Copper 
Pipe Flaiigi-s and Fittings — Bronz;.. and Cast Steel I’ljics.—RipiS in (ii'iieral.—Stop and 
Itegiiluting Valves.—Balaneiug Engines—Gioiuctry of Balunemg Engines.—Boilers: 
their Fittiuys. Proportion, Cnnslrnctmu, Kvajioratiou (B.O.T. Bulee, etc.).—Boiler 
Mountings .»ud Fittings.— I'uniace Fittings.—Engine and Join. Seutiiifsa ^eam 
Trawlers.—Surveys of Machinery.—Suare Gear.—(liains and Ropes.—Strenj^ of 
Materials - strength of Materials, Composition and Cost.—Plaica, Bars, Beams, Girders, 
Ptc.—Oik and Enuncants.—Miscellaneous Tables aud Rules.—Distances of Various 
Ports apart.—I.'IDK. v. 

“ Tile bent Look of Its kind, both up-to-date and reliable."—.Yuiinwer. 

In Liiigc '> 0 ., lUu'dBome Cloth, With Frontispicee, 0 Plates, d.' Other IllAtrations, 
ami 1)0 'J'aidest I^s. ddyUct. 

’THE SCREW RROlPEEEER 

And other Qpmpetlng Instruments for Marine Propulsion. ^ 

By a. E. SK .ton, VI-Inst.C.E., M.I.'Hech.E,, M.I.NfA. 

• Content.'?.—E arly llist^iry of Manno Propellers.—Modern History of Propellers.— 
Resistance of Sh>p'‘-—<>1^ ^i‘P. Cavitation and Raitiig.—Puddle Wheels.—Hyftauhc Pto- 

S ulsion.—-'I'he Screw Propeller; Thrust and Etlicnmcy.—Various Forma ofiPropcUer.— 
umber and Positiona.— Blades, Nnrubi^r, i#iapi“ etc.—Details of Screws.—Pitch of 
Ahe Sere#.—Materials.—Trials and Fxpenments.—I ndex. 

"Containsall that is useful to know about the screw propeller. . . . Thoroughly 
up-to-dati.'’—ANf^awisAy). * _ 
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' Fivtti Edition, Revised and Enlarged. Pp. i-xxiii + 639. With 
243 Illustraticfiis. Large^Svo, Ilandsome Cloth. 25s. net, 

A TEXT-BOOK ON 

GAS, OIL, AND AlfR ENGINES. 

By BRYAN DONKIN, M.lNsi/C.K.r M.Inst.Mech.E. • 
,RevisAJ throughout by T. Graves Smith. \\,ith important New Matter 


(INTENTS —Varl I. • 


.... r«rt II.: J^etroUim 

• Oil J’c.stinu, t’arbiirotti'M, Early 
Tli<- I’rnstman Jlrittsh Oil JOiiwiavt* — 


hy Prof. Ruustall. 

___ nm UiiiriM..—General Deacriiltiou of,.the’Action and Parts of 

H Dhw Enolnr -flcat “ Cycles” uiul Classitlcatioti of Cu 9 EnBiues.—History ef the was 
EnZ'Wl'He Atkmson, (irillin, and Mtocki«rt Eugmes.-Tlie Otto Gas Engine.- 
Modcrfi lintish Gaa Kngines.—Modern Preneh Uas Engines.--German Gas Engines. Gas 
Pniduel-on lor Motive Power.—Htiliaition of 

—Tlicorv of the Oas Ell^lne.—Chemical (omrosition of Gm in a Cyhnaer. 
TTtilisiitHUi of ilt'at in a Gas Kn«nic -ICxploHioii ami ComhUBtion 
hntiinea —Discovery, Trojicrtus, and I’lilisation of Oil 

Oil i-lnjiinfs—t\orkiii« M' tliodt, Tlie I’rnstman him.. «», v,.r.,n,ac 

Ammcuii this ami Oil JCimiucs — l''reuch ami Swiss Oinungtius.—Gorman Oil - 

Amdioatiious ol Gas ami Oil ICngmes. I'ari III ■ .1 ir Lnfnnei. —^iVppoudicos. INULX 
“ A very much uji-to-dato classic.’ —7 lU'QKiph 

Seventh Epition. hi >1.111(1801110 Cloth. l*p. i-x + 106 . With 76 
llhistrations, including 5 Folding PhGf-«* (id. net. 

IL'ElEtO engines. 

with a General Introductory Account to the Theory of the Internal 
Combustion Enjjme. 

Ry G. a. burls, M.Tkst.G.R, &g. 

'’deurk^Ij OoNTEHrs.—Wfticht: Cycles; Klflcicncy.—Power and Elliciency.—Aero 
riiffines NecessUv lor LightnoBs, etc., etc.—JioriZ(»n(al Engines.—Kmlial Rngiiies. 
Siogmi^ or ” Vel?^’ Cnginc 9 .-%cHical ]ingme9.--U(dary Fagmo«.~Ai>PKNDlX.-lN^ 
‘‘^'Ins txeelicnt and imcful wtirk . , . a imtNt v.diiahle theoretic? basis 101 iJi.m ti- 
eal tiaiirPK. .As a work ot lefcrouce it is at pieseiit uni<jue. - Aenoi .ntn'K. 


X 


In Handsome Cloth. Pp. i-x + 303 . 1 \ fiis»nd 

178 llluslrntioDS. 12s. 6d. not. 

Internal Comtastion Engines and Gas Producers. 

Bv C. W. ASKLlNfi, M.E., and E. BOESLER, M.E. 

“Internal comhusti.m engineers will do well to add this volume to their lilirarj of 

text-books .”—anil OH Pomr. 


6(1. net. 


Lrileray S\o.' I’p. i-xiv-f 237. With lllustratii.ns. 

EVOLUTION OF THE 

NTERNAL COMBUSTION ENGINE. 

• Bv EDWARD BUGLER, M.I.Mech.E. . 

OENTOAU OONTHSTS -Tntr«iucW.-Lcal«r,c Rngmes-(’toUBtantjjmsraro Bug'n^ 

wtll flnd thia volunn! iuteresting and worthy ot a place on their hookalielf. —JfwlKinto* 
Engineer. * _____ 

CONDON f^.rHARlES ORIFFIN & CO.,''LTD., EXETER STREET, STRAND. 



SmiShEiflNG A’STD MEGHANICS. 


By ANDREW JAMIESON, ^M.instX^C:., M Inst.E.E. 

Sevehteenth Editioe, Revised. With over 800 Pages, over 400 
• IliuBtrations, and 12 Plates " 6d. 

,EXT-BOOK ON 

STEAM ^ STEAM ENGINlES,* 

INCLUDING TURBINES AND BOILERS. -- - 

Specially arranRod fcfr tlic use of Engineers qualifying for th * In Ufcodoii 
of Civil EngineorB, tbo Diplomas and Degrees of Technical Colleges 
and Univoraitios, Advanced Science Certificates of British and Colonial 
Boanis of Education, and Honours Cert.ificatoB of the City and Guilds 
of lH)n<lon Institute, in Mechanical Engineering, and for Engineers 
gi^ncnUly. 

(.tKXEPAL Contents.-- , > .rms ot Steam Engine.—Temperature, Thermometry, 
vrometry.—IJuatitK' ‘I .it, Tliurmal Uuits, 'I'alilea, Calorimeters, Specific HeaU 

oi*v. M‘8aii>J SM aiu" ii’^i 'ion, Ilailiation, etc.,of Steam, lOlmlhtionof Water.—IJaturoof 
Heat, (.ouviivum of Work Aleut. Law ot T'iiemiotlynamics, The B.T.U.— 

Scnail'le njio \.i:tent Hea<s ol '\:iter and Steam, 'remperaturc and I'rcssurc of Steam — 
I'reasure ini'l ' 1 * 0111 ^ (-.i t -a.--'AAvaporation and fiondeasation.—Jet i .id Surface Con¬ 
densers. - —Hem ration of Sd*am in a Close<l Vt'Bsel.—iJoyle’e Lr.w, Watfa Diagram 

of Work.— Cliarha'B Law.—Absolute Zero.—iVdiabatic JLxfianalon. — Heat Euglueo, 
Carnot's Principle.—I'intropy and Tliermodyiiamics.—iJip and Lead of a Valvo, Adon^ion, 
Cut-otr, (5lx.--Zeuuor’B Valve DiagrarfiB.—Behaviour of Sti'amin a Cylinder.—J oaa between 
Boiler ai»! (-'’Iinder.—Steam Jacketing.—Supcrlioatefl Steam,—Cushioning.— Joi .>ound 
lug. —WatfH, Crosby, and other indicators. Indicator Diagrams.—Nominal and Indfe^ted 
H.P. Bmke U.P., Apparatus tor llnding H.P. — Cranks, Ckmnoctlng-roda, an.'^other 
Moving I’artfl. Effect of [iiertia of; Crank iilffort Diagruma.—Stationary Engines.—CorliBS 
Valve Hear.—JiUlmcation.—Willans' Engine.—Marine Enginop.—I^^ddlc Wheels.— 
The Screw Pif.a'‘lle.r, JTtch, Angle. Slip, Ibnist. etc., etc.—Triple-Expansion Engines. 
Quadniple-Exp^sion lOngines.—D etails or Knoink: Valves, Pistons, Crosaheads, 
Bearings, etc., 0 1 .—Pumps-(Condensers.— Steam Turbines: DeQnition, Typ<‘». 
of Rotor, Steam''Consumption, Stresses, Balancing, etc., etc.—Mathematical Jfixplanation 
of Heat Units done, etc., etc., as expressed for Ideal 8ti*ain Engines, with Special 

^ ^^^),ne8.—Examples of TyP‘‘ii 'J’urleMes.—jloiLERS: Vi-rtical, Horixontalg^ 

Oomisb , Lancashire; Watc. J’ubc ; Belleville- \ arrow, etc., et’—Forced Draught.— 
Meclanical Stokers.—MaieriaU 10 Boilir (’oimtrnction.—Joints, fstays, etc.—The l45CO» 
motive Engine, Injectora, Compounding, Eliioiency, etc.—ArrENPlOKS—-iKDEX. 

**• Contains many Board of AMucation and City and (ruilds (questions and Answers, 
also all the Inst. C.Jfi. Exams, ever set. in I'he Theory ot Heat Engines, up to time of publi¬ 
cation. 

** The boat book yet publislied for the use of studenls."— Engineer. 

“ We entisider tho volume a .splendid text-book for all reader^.” - Tfanne 


Ni-^etwenth ‘Edition. Leather, Docket Size, witli 6pages. 6s.net. 

A POCKET-BOOK OF 

ELECTRICAL RULES .AND TABLES 

FOn THE USE OF ELECTOICIANS AND ENGINEERS. 

By JOHN MUNiU), C.E., & Drok. JAMIESO^S.^I.Inst.C.E., F.a-f.E. 

aiKKEAl. CONTENT.s. —Electrical JIngineering -Symbola.—B, of T. Standards of Measure- 
ment.—Units oi Mongurement.—Weights and Measures.—Testing.—(^ductors.— 

* Dielectrics.—T-Vgraphy.—Telephony.—Radio or Wireless Telegraphy.—Kl^fw-cbemistry 
and Motallurgy.—Rontgen Rays.—Batteries.—Dmamos ami Motors.—Tfansformers.— 
Lighting.—Wiring Rules (Lighting a.ui TrantwayS).—Miscellaneous.—Magnetic Measuro- 
mente^-Logaiithms.—I ndex. 

* *' WONPBaptfiiLY Pkefbot. . . . Worthy of the highest commendation we can 

give it.”— Electiician. ^ 

LONDON : CHARLES GRIFFIN & CO., LTD., EXETER *STREL:^|rRANfl. 
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,OB ARLES QRIFEIN dh^CB.'S PoRLlCATSOMS.^ 

^ By ANDREW (JAMIESON, WfelnstX.E., M.InstE.E. 

XN'rjKODuc'x'oxt'V' iviA.isrxrAx^s. 

Fourteenth Ehition, peviaed and Enlarge^. Pp. i-xv + 375.' Ss. net. 

AN ELEMENTARY MANUAL OF " 

HEAwT ENGINES: STEAM, OaS AND OIL. 

Specially arranged for Pirst Year Students under rtU Boards of Education, 
City and (iuilda of London Institute, Colonial an^ oiher Engineering 
Students. 

TIkviski* r.\ EWART S. ANDREWS, R.Sc., ^ 

Tjoctif'-er in the Kngineeiing iVpartment ol the ColdRinilhs* College, 

New (-'roR**. 

ABiuj)(iE]> ('OSTKNTS. —MlrrapiK-ary Mi'nsurntion.—WoiRhta and Htnasurna.—Ther- 
momotxv.—-Tlpiit—BvaiKiratmii—Kbulhlrion.—Work.—Pri'a'jure and TnrapcTaturc ol 
Steam- -VniperhcR of iJaRns—The Parts ol a Strain KngLm*.—Valves and tluMfjSettinB. 

—Indicators.—Sinjzio ami OornT>oand JinBini's.—Details of KiiBinee.—Valves and IhtUngs. 

—Condensers—tVauk Shaft, IJeariniis. etc., etc—IV>ilors and Jioilor Mountinsa.—Loco* 

motives.-—'hiri»m»‘S.- -Gas JCnRinus.— (liI Riwines.—AprENDlCKS.—INDEX. ___ i 

■* Tins is the best elementary manual, and Is indispensaLlo.”— Steamship, ' 

Tenth Edition, Thoroughly Uovisod and Enlargod. Pp. i-xix -}- 452. 3s. 6d, 

AN ELEMENTARY MANUAL OF 

Ai»:E*r-x3Br> MECHiiisrics. 

specially arranged to aiiit tho.se preparing for the Institute of Civil Engineers; 
''B'Ow.d Instiluto of Briti.sh Architects; City and Cuilds of London 
Institute: British and Colonial Boards of Education, and all kinds 
of I'^irst-Year Engineering (Students. 

Rt'Visrit iiv KWART S, ANDRl'AA'S, 

Lecturer in tie' Engieeciing Di'partriicTit of Iho t-uldsmiAis' College, 

New Cru'S. ^ \ 

, AiiRiDUBD OoNTFvrs.—Vorcc.—Matter.--Scale and Yi cinr Q\iaTd:'’’1^o.\ 
of Work.—Mom-'Mt of a f-'orRc. (’ouples. etc , etr — Draf'ti'')il ApidicatUms of thC''»A:v6r, 
Balance, etc, I'lc —The Pnn'iplc of Wt'rk, Work l/tst. lisefnl \Vnrk.—PuUi'VS, Blocks, 
etc., etc •'Wheel and t^xojvmnd \x!e.- -Gr.^phic Bcraonstrition of 'Ilin-c Porcea in 
Eiiniiibnum. —('rnn-s —Inclined Planes.— Friction.—Be.aniiBS —bri\iiie Belts.—Winch 
or Crab—Jib (;r.in<*s -Screws Spiral, Hedix. do—Whitworth StauUard.—Backln'ih In 
Wheel and Screw Geanius —lindlcss Screw au<l AVorm Wliecl, etc. - Screw-Cutting Ijathe. 
—Hydraulics. - ilvdr.mlic .Machmes—.Motion and Velocity.*-linerKV.“-Propert.iea of 
Materials -Stresses in ChiiTis, Sbatts. etc., etc —Puiversal JointM. Sun and Planet Wheels. 

—IfeviTsinr Motions.—Mi asuring Tools—Linn't GaiiBes.—AiTENDirFS.—lNi>KX. ^ 

'‘l?o*bettet book the subject has hitherto been published.”— Jiailwaj/ Officta 
(jiazett . ... , 

Eiu iiTH Edition. Thoroughly Revisod and Eularg m1. i*p. i*xv 4- ^118- 
A PRACTICAL ELEMENTARY MANUAL OP 

iMCAGl^j&'rxsivx an:p exlectxxicxty. 

Specially arranged for tlio use of ^eienee Teachers and (Students in Great 
^^Britain and ;hc Colonies, and for other Electrical Students. 

Aniuv/JKD OiSTENTS—^»Vi(i t«. Natural, Permanent—MethoCs of making Magnets. 

—IdncB of Force -Molt culir 1 beory of MagnetisatKVi.—Magm tic Induction.—The Earth 
as a Mag.ii'A—Mariners’ Coiupas.i.-—Umta of Measurement—Electrical UuitB.—Electro* 
Magnetism.-J^-MaKoetie Field due to jl Curnuit.—Solenoid —Oalvanomobers,—Polarity ' 

<lae to Onnlrnt.—Magnetisation by ICI'CtfiC Current.—Eiectro-dynaimos.—Electro¬ 
magnetic Induction.—ohm's Law --Rlmafy Batteries—(Joudnetorfl and KesiBtanco.— 
Polarisation of a Cell.—Electrolysia—Static Electricity.—Pc«itivo and NcgntiveJSifictrl* 
fleation.—(XiDduotorB and Insulators.—Induction.—Cliarges on a Surface.—Frictional • 
Machines.—Poteotialf—Clondensi.rB.—Leyden Jar.—Gold Leaf Electrosoope.—Volt* 
metcrB.—Aiu’KNi > tf-i:3 .—Index. _____ 

lUnDON :/*iARLES ORIFHN & CO., LTD., EXETER STREET, STRAND. 



%BN<JltiEiRlNO AND MECHANICS. ' 

______ 

By'ANDREW JAMIESON, M.InstC.JE., M.Ittst.E.E. V • 

-•- 

* In Fire Volumes. Lar-^^ Crown 8vo. Kach quite complete in itself, • 

• and sold separately. 

• A text-boqk; *nr * 

A'P P L i D* MECHANICS 

AI^D MECHANICAL ENGINEERING. • 

Specially airanged^for the tiso of Engineers qualifying for tho institute 
of Civil Enginecre* Iho Diplomas and Degrees of Technicl^ 
and Universititis, Advanced Science Ccrtiiicatcs of British and Oolunial 
Boards of Education, and Honours Certificalea of the City ard Guilds 
of London Institute, in Mechanical Engineering, and for Engineers 

generally.___ 

VomjMJil. Tnvrii Ei)ir'N. Hovisotl and Enlarged. Pp.i-xviiiH-4()0. 6s.net, 

iveeichanics. 

llLV-ri hWAUT S. ANTiRE\A*S, li.Sr. 

* viKTF.NTa.—Dcflnit iJ*.' of Matti r and Work.—Diagrams of Work.—Moments and 

C(»nplea.—rrinclplc, of Work ' Med to Machines.—Fr^tion of Plane Surfaces.—P'rlctlon 
nj CylauincaJ Surfaces i Sliips.—W^ork absorbed l)y Friction m Dcariiifts, etc.—Friction 
wefuily by Cl«.<.cli \ Brakes, and Dymuotnneters.—Inclined ’ Jane and Screws. 

—Velocity .o»i Aceelcjation.—.Motion and Lncrgy.—F.nergy of Kotalion and Centcitugal 
Force —ArrENiuciis.—I ndex. 

Indiswiisable to all students of cnglnecrini'.”— Steamship. 

VolttmlTI. Ninth Eiution, Roviaod and Enlarged. Pp. i-xviii-, 

STRENGTH OF MATERIALS. 

Uf,vtsei> nv KWAKT S ANDUKWS, 1! S.'. 

CoNTENTfS^rStress and Strain, and Bodies ninlcr Tension.—Strength of Benmi and 
Girders.—Dofl(#iion of Beams and Uirdcra —Strength of Shafts.—Strength and F-listlcity 
of Materwls.—" .'Sting.—Sticss-Stram Diagniins and Elasticity of Matcriala.—S’renptn 
and Filastieityo ColnmDB.—APPKNi>iOFP.-I ndex. 

“The .aiitlwr inato be congratulated upon the &\re he bestows in keeping his works 
• ovqt<»m%tVf’v up to date.”— I'radicnl Engineer. 

Volume III. Eiohth Edition. Thoroughly Revised. Cloth. 

Pp. i-xviii + 260. 5?. 

THEORY OF STRUCTURES. 

Contents. —lYamed Structures —Roof Fnamea.—Deficient Frames.—Cranes.—Beams 
and Girders —ai*pendici:s.—Index. 

”We heartily recommend this Ixiok.”—StsawsAip. 4 

Volume IV. Ninth Edition, Rftvii*ed. Pp. i-xvi,-f- 324. Ss.ifct. 

H[YI>R AXJZ-ICS.. 

'-^'CONTENT...—l.ydrostaties —Hydraulic Machu’‘'f.—150lciency of Mnehines.—Hydraulic 
Appliances in Gas Works—llydrokineties.—Water Wheels and Turbines.—Refrigerating 
Machinery and Pneumatic Tools —Appendioes.—Index. 

VoLL*iJ V Eiohth Ei)iTroN,''R(yiso4. Pp. i-xx + 626- 7a. 6d. 
TMISOXtY OIP IMCilCHINES. 

Contents. —Loci aud point Paths.—Kinematic Pairs, Links, Chains, ctc.-^ank8' 
and Parallel Motion#—Chains and Peauc^Uier Mcchauirns, etc.—Kinematic, C^tres 
and Relative Velocims.—Misce’la^cons Mechanisms.—BeWrsing and Ri'turn Motioi^ 
etc —EfScloDcy of Maciiincs.—'Whcol GenriDg and El<-ctric Driving.—Friction aud Wedge 
Oearinff. with Power* I'ransmitted.—Teeth of Wheels.—Cycloldal Involute 

Teeth, Bevel and Mortice Wheels, etc.—Friction and Strength of Teeth iuAicaring.—Bolt, 
Rope aud Chain Gearing.—Il.P. Triu3mltt.eJ by«elt and Rope Gcaring.*“Inertla Forces 
of ^ ing Parts and Crank Effort Diagraml of Reciprocating EngineB.~APPENDlOBS.— 

” So well known that wo need only commend it to now rcadtrs as one of the moat _ 
lucid and Instructive text-books extant.”— Blectrtcal Eeview. _^_ 

LONDON: CHARLCS QRIFFIN & CO., LTD., EXETEft STRrgT. STRAND 
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9 liARLES ORIFEIE dt’OO.'S ^'UBUGATfOUS. 


WORKS ON ELECTRICAL ENGINEERING, 
TELEGRAPHY, ETC. 

f 

- 

CtlNTKAL ELECTRICAL STATIONS : Their Design, Organisation, and 
Management. By Chakucs H. Woroinoh-vm, A.KtJ., M.Jnst.C.E.* 
M.I.Mcch.E. Si';ooND "Edition, Revised. In largQ 8vo. Cloth. Pro* 
fuHoly Illustrated. 24 a. net, 

ELECTRICITY METERS. By IIekkv 0 . Solomon, A M.Iii3t..E.E. In 
largo Crown 8vo. Handsome Cloth. With 5134 pages and 307 Illus* 
tratioua. IGs. not. 

TRANSFORMERS. By I'rof. IIkkminn Bcjiile, ttI.EE., anJ Prof. D. 
RoiiEKTsoN, B.Sc., of Bristol. In large 8vo Profusely Illustrated. 
21 b. net * 

ELECTRICAL PHOTOMETRY AND ILLUMINATION. By Prof. Hermann 
Bohle, Ml.E.E. In Largo 8vo. Cloth Fully Illustrated. 
l().s. Gd. net. 

ELECTRIC CRANE CONSTRUCTION. By \V Hill, .A.M.Imjt.C.E, 

•i^l.l.E.E. in Medium 8vo. Fully lliiistrated. 2 . 13 . not, 

TELEGRAPH SYSTEMS AND OTHER NOTES. By Autuer Crotch, of 
the Kngim'er-ind/hiefs’ Bojiartrnont, G.P.O In Jjurg*!'. Crown 8vo 
Cloth. Illustrated, .la, net. ^ 

WIRELESS TELEGRAPHY. By Oirsi AV Pb.I^4jL\ Large 8vo. 

’■ Profusely lUu.strated 83. 6 d net. ** 

ELECTRICITY IN MINING. By Sil'meks BrumiM:^ Dvnamo Works, Ltd. 
In C'rown Quarto. Cloth. 10 s. Gd. T)''t. 

ELECTRICAL PRACTICE IN COLUERIES. By D Burns. M.E.. M.lnst. 
- M.E. OtownSvo. Fourth Edition, Revised. Cloth. With Numorous 
HKstratiom. Gd. net 

TREATISE ON ELECTRO METALLURGY. J McMillan, F.I.C., 

and W. K. Coorkr. M.A., B.So. Thiiu» Edition, iP^viaed and Enlarged. 
128 . Cd. net. 

ti 

ELECTRICAL THEORY AND TOE> PROBLEM OF THE UNIVERSE. By 
G. W. do Tunzklmann, B Sc. In Large Svo. Cloth. IGs. net. 

MAGNETISM AND EL»tl'RICITY (An Elementary Marihal of). By Prof. 

A .) aj^iSSON, M.lnst.C.E., M.I.E.E. ESiuth Edition. 3s. 6d. 

electrical RULES AND TABLES Pocket-book of). By .Ions Mraao, 
C.E., andProl. Ja5U£son, M.Inbt^.E., M.I.E.E. Nineteenth 
68 . net. * 

-i- ^ - 

LONDON :^HARLES GRIFFIN & CO., lId., EXETER STREET, STRAND. 




IfAVTlokL WORKS. 

GEIfFlN ' S SAUnCAl^Er 

^ *#• For farther infnrrmtion regar‘iiv-g thr^t ’ tmes coitsvU lnd>>^ 

A MANUAL OF ELL *L«TAB¥ SEAMANSHIP. By D. Wilson-Baekeb. 
Seventh Euition,# Eovisod and Hnlarpya. Profusely lyustiated. 
Price Ga. • * * 

NAVIGATION, PRACTICAL AND THEORETICAL. By D.. 

Babkee and William Ali.inoham. Tinitn Edition, Revise".- r'ullf 
Illnslrated. Price 3s Od. , 

MARINE METEOROLOGY, for Officers of the Merchant Navy. By William 
Ailimiham. Very fully Illustrated Price 7a. 6 d. 

PRAAiCAL mechanics, -Applied to the Requirements of the Sailor. 

By Tnos. M.IIKI i. i-'inn Eoitiok. PricoSs. 6 d.net. 
a"'MANUAL OF TRIGONOMETRY. By Richaed C. Buck. Foueth 
Edition. Revised and L’orrected Fully Illustrated. Price Sa. (id. 

A MANofin OF ALGEBRA. By Riouaud €. BncK. Fecond Edutob. 
Price 3s. 6 d. 

LATI'iUOE AND LONGITUDE : How to Find them. By W. Viixab, 
C.E. Thied Edition. Price 2 s. 

» 

LEGAL DUTIES OF SHIPMASTERS. By Benedict W. Ginseueo. Tnisn 
Editi^_ Very Thoroughly Revised. Price 63 . ^ 

A MEDICAL AND SURGICAL HELP. For Ship.masters and Officers in the 
Royal Nav*. By W. Joiissos Smith. Poubtii Edition. Ilciised 
by Arnold Cuapi.i (of the P. & 0. L. N. Goy.). Price 6 s. net. ^ 
KNOW YOUR OWN SHIP. By Thos. Walton. Thimekkth Edition. 
Revised l‘y Jons Kino. Profusely lUustiated. Is. (id. not. 


OTHER WORKS OF INTEREST TO SAILORS. 

NOTES ON THE PRACTICAL DOTIES OF SHIPMASTERS.* lJ* CapT 
Vv', HaKEv Wilkes. Price 2s. 6d. not. 

DEHNITIONS IN NAVIGATION AND NAUTICAL a'sTRONOMY. By 

P. (Ieoves Siiowell. Price 23. Od. net. 

ENGLISII'SPANISH AND SPANISH-^EiyiLISH SEA TERMS Allfi PHRASES. 

By Floet-Payinastor Gead -vm-Hewlett. Pocket Size. Price 3s. 6 d. net. 
HYDROGRAPHIO SURVEYING. By Commwi^r S. Messum. <tVith 
Coloured Plates and Nuutcrous other Illustrations Price 12a. net. 
NATURE NOTES fOR OCEAN VOYAOffiRS. By (.'aptain a/caepentee 
and Captain D. WiLsox-HAjtKK’^ Frice5s.net. • 

TH^’PREVENTION AND TREATMENT OF DISEASE IN T.IE TROPICS. 

By E. S. Crispin, M.R.C.S. In Cloth. Price Is. net*.» 
_ m _• ___ 

LONDON ; CHARLES GRIFFIN & CO., LTD.,JEXETER STRESS, STRAm 




14 (!HARIES ORIFFIN <6 feo.’S POBLlGATlONB}, 


GRIFFIN’S MINING AND GEOLOGICAL WORKS. 


Ore and Stone Mining. Foster and Cox, 

Elements oi Mining and Quarrying. Foster and Cox, 
Methods ^of Air Analysis. J. S. Hai.dane, ^ 

Tfie Air of Mines. Cadaian and Haldane, 

Text-Book of Coal-Mining. 11. W. HnanES, 

Practical Coal-Mining. O. L. Kerr, 

Element^y Coal-Mining. G. L. Kerr, . 

Treatise on Mine Surveying, it. H. Itiionan, 

Effects of Errors in Surveying. H. Biuoos, 

Theodolite Surveying and Levelling. J. Bark, 

Practical Surveying and Field Work. V. (i Salmo.n- 
Mining Geology. IVof. Jas. Park, . 

Texl-Book of Geology. I’rof. .Jas. P.uik, 

Modern Mine Valuation. M. H. ItuRMCAsi, 

Mining Law of British Empire. C. Alvord, . 

Mine Accounts and Book-Keeping. .1. (i. Lawn, 

Mining Engineers’ Report Book. E. 11. Field, 
Spanilh-English and English-Spanish Mining Terms. 
Prospecting for Minerals. Prof. S H. Cox, 

Mineralogy of Rarer Metals. (Iauen and Wouttos 
Shaft-Sinking in Difficult Cases. J. Riemer, . 

Blasting : and Dse of Explosives, o Guttm-.nn, 
Testing Explosives (New Methods). C. E. Biouel, 
Practical Hydraulics lor Mining Students. I’rof. J. 
Electrical Practice in Collieries. Prof. llriiNS, 
Compressed Air Practice in Mining. 1). Penm.an, 

• Jyaniding.Gold and Silver Ores. Julian and Sjiaht, 
CyaniJe Process of Gold Extraction. Prof. J P.-.rk, 
Getting Cold. J.tf. F. Johnson, . 

Gold Seeking in South Africa. Theo. Ka.ssner, 


Net 28s. Od. 
Net 78.’8d. 
Not 6a. 0<L 
. At Press. 
Net 24s. Od. 
Net 128. 6dt 
Not Sa. 6d. 
Net 73. fid 
Net i>8. nd. 
Net l^s. fid. 
. At Pirss. 
Net 

Net lf)S. Od. 
Net 10s. 6(1. 
Net Sa. fid. 
. lOa. Od. 
. ‘J.-I. fid. 

Hai.se, Not 10s. Od. 

53. Od. 
^ Net fia Od. 
Net lOa. fid. 

Net fia. Od. 
Net 12e. fid. 
Net 7a. fid. 
Net .7s. Od 
Net 213. Od. 
Net 8.3. fid. 
. 3s. Od. 

. 4s. fid. 


I’ARK. 


Bibliography, of Mineral Wealth and Geology of China. C. Wanit, Net 3s. od. 


Sampling and Assaying of Preeiousi Metals. E. A. Smith, 
Stiatigraphical Geology and Palmontoiogy. Etiuseidoe, 

A fext-]pook of Geologic'■ iVot. j. i’.tr.R; 

Geology foj^ Engineers. Lieut.-Col. Soesbie,'' . 

Aids in Prai(*lcal Geology. Prof.'i.l. Cole, 

Open Air Geology. Prof. G. Cole, c . 

The Earth : Its Genesis and Evolution. A. Swaine, 


Net 16a, Od. 
. 343. Od. 

Net 158 Od. 
Net lOs. fid. 
. lUa. 3d. 
. fid. 
Not 78. fid. 


LONDON : CJJARLES ORIFFIN & CO., lYd., EXETER STREET, STRAND. 









MINAfO POBLICATibNS. 


'WOfRlC.3 B'Y', 

• SIB CLEMENT LE NEVET FOSTER, D.Se., F.R.S.. 

• -- 

SiiCffH Kdition. Tp. •■xxx-h799. Frontis^/.^ce and 712 iOiiS. , 
• Price 28a. act. 

ORE & .STONE MININQ. 

By Sir C. LE NEVE FOSTER, D.Sc, F.R.S.. 

LATE PROPHSSOU. OK MININK. ROYAL COI.LR<.K OF SCIBNCB. ^ 

Revised, and brought up-to-date 

By Prof. S. H. COX, Assoc.R.S.M. , 

GENERAL CONTENTS. 

INTRODUCTION. Mode of Oecurpence of Mlnerals.—Prospectlng.—Boring. 
—BrcAking Ground.—Si'pportlng Excavations.—Exploitation,—fiaul^e or 
Transport.—Hoisting or 'VI ding.—Dralnajr©. —Ventilation.—Lighting.— 
Deseent and Ascent. - ^rc .Ni ig—Principles ofEmployment of Mining Labour* 
-^glslation affect^i.g Mines and Quarries. —Condition of the Miner.— 
ncJMentG.- Index 

“Wc hdve seldom hfd tin# ptwisuro to review a work so thorough and complete at 
Uie pve.'’ePt Hot), .r .naimerand in matte*’ It is FAU SUPEliiOK To ANUTHINO ON 
IM SPFRL .. .iJBJEOT JIJTIIEBTO ITBLISHEU IN LNOLANli.'WHACJKW/m. 

" Not only is this work the acknowledged text-book on metal mniiiig in Great Hritalh 
attcl the Colouies, but that it is bo regaiHlod in the United States of America is evidenced 
by the fact tliat it is the book on that subject recommended to the students in most of 
the miiiK.g schools of that country."—2’Af Tunes. 


Thikd Edition, Rovised. In Crown 8vo. Tp. i'Xvui + 323 . Handsome 
Clot'!?, With nearly 300 llhistrationa. I’rice 78. dd. net. 

THE Elements of mining and quarrying. 

Anjntroductory Text-Book for Mining Students. 

--Sy Sin C. iM NEVE FOSTER, D.Sc., F.R.S., ^ 

I.ate Trofesbor of Mining at the Royal College o* Science. 

Ueviaed by ProC. !S. H. Cox, A.R.S.M., &c. 

C-BNBBAL CoNTKNTs. — Intbodoction. — Occurrc-ucB of Minerals. — Pro¬ 
specting.—Roring.—Hreaking Grtuind.—Supporting Excavations.—Exuloita- 
Haulage or IVanaport.—lloisting or Winding.—Drainage.—Ventiiathm 
-- Lighting.—Descent and Accent.—Dressing, &c.—I ndex. 

“ A remarkably clear Burvey of the wliole field of mining o lei.-' 'ons.”—X«£rtnser. g!©' 
“Rarely does it fall to the lot of ft reviewer to have to accord such uiiquanficJ^ralBc as 
this lK>r '• (leBon es. . . . The pTofessu>n generally have every reason to he grateful 
Sir C. Le Neve foster for having enriched educational literature, with so admirable an 
slementary rext-boob.’ — 


In, Oow'. Svo. Haud.sonie Clolli. Rp. i-xii-l-SOO. 8s#6d. net. 

MINING LAW OF Tlffe BRITISH EMPIRE^ 

By CJIAULES J. ALFORD, F.G.^., M.Inst.M.M. 

C0NTBNT8.— The PrinciulesF of Mining Law.—'^e Mining Lav^ of Groat 
British India.—Ueylon.—Burma.—The Malay Peninwila.—BritiA 
North Borneo.—Egyiit. —Cyprus.—The Dominion of Camrea. — Britiaii 
Guiana.—The Gold Coast Colouy and^Ashanti.—Cape of frood Hope,— 
Nq^I —Orange River Colony. —Transvaal Colony. — Kiiodesia. — The 
Commonwealth of Australia.—New Zealand, &c.— Index. 

*'Cannot fail to be useful . . . we cordially recommend th«abook-’'—jlfuifufii BTorld. 

LONDON : CHARVES GRIFFIN** CO., LTD., EXETER STREBT, STRAND. 



ailARLm OR^FFW A VO.’S ^OBLIOAnOKS- 

*■ ’ 


WORKS ON COAL-MINING, 

S?XTH Edition Pp. i-vii + 503. With 4 Plates and 690 Illustrations^ 
Price 24s. net. * 

A TEXT-BOOK OF qOAL-MININO: 

FOR THE USE OF COLLIERY UANABEIiR ANO OTHERS 
h ENOAGEO IN COAL-MININQi , 

By HE KB BBT AVILLIAM HUGHES, F.G.S., 

A»hoc Itoyal N’Ikh*! oT Min^h, (lencial MaiKigin of S.ukIhuII J*aik Cyiltci> 

(■iKNKUAi. (Ujntkkts. —(ieology.—Scarcli for Coal. —Jireakinj; Ground.— 
Sinking.-' Preliminary OpcraiioiiH.--Methods of Working. —Haulage.— 
Winding. —Pumping.—Ventilation.—Inghtiug —Works at Surface. — Pre- 
paratiou of t-oal for Market.— Index. 

“Quite THR BF-'T BI'OE of ll.H Iflliil . . .ts rflACUCAL ill lllUl IIS a Ixxik C!IU he The 

illUKtratioiK! arc excrw-est "—Alln nauui. 

“ We cordially iccojiuiictnl the woi k.”— 1/ ituardum. 

“Will BOOK coiiH‘i.<. i'c ict-'inded a-. Uu- stasji.vub work of Hh kind " tin uint'ifiani /).«»/» 


Fifth Edition, 'I’lioroughly Pevibed and Greatly Ivnlarged. Uc-set 
throughout. Large Crown 8vo. Handsome Cloth. Pp. i-xi^- 77 S. 
With 75 o Illustrations. 12 k. (id. net, 

PRACTICAL COAL-MINING: 

A &ANUAL FOE MANAGEKS, UNDER-MANAa^S, 
OOLLIERT ENGINEERS, AND OTHERS. 

With Worked-out Prohlemn on Flaulaget Puminrifj, VentiU€ioni 

By GROBCIE L. KERB, M.K, AI.Tnst.M.E. 

Contents —Sources and Nature of Coa!.- -Search for Coa. -Sinkms—Exj>|oi>ivo8.— 
*4‘'Chanical Weilges, llock i)nl!s. and OonI fill ting lU.'ichuieR.—Coal (hitting liy 5jad?ftliery 
—jrausmieaioii of Power.—.llodes of Working.—Tinil'eriiig iloailwajs—Winding Coal-— 
Haulage. — I’umpinp. — Ventilation. - - .Safety Lamps. —1( -heue Aj^paratus. — Surface 
Arrangi-mcnts. (;oa] Cle.anlng, etc.—Survi'ymg, Levelling, an«l rjans.—I niiEX. 

“ This is oni' of the b<‘nt known tn’atiscs on th“ leehincal a'-jn'ct id’ tlie Coal-Mmliig 
IndiiRbr>' . . . the book 1 “ an admirable one, and may be i>1;hh.I with confldeuce in 
the hands ol ail studiaits of cual-mining.”— ^UningJoumal. 


FoiTRTH Edition^ Kevised In Crown 8vo. Hpudsome Cloth. 
‘ Pp i-viiH-225. Sk. Cd. net. 


ELEMENTARY COAL-MINING; 

FOR TAe use of students, MINERS, AND OTHERS 
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an cxtr< inelv h.-i'idy aud useful work for all inti rested in the oil husim&s."—(Viemiwi 
'Trade JoitruHl. 


Pi/- Li:t 8i/c. Pp. i-xxi Pr 454. Stronglv RomHl in Luatlier. 

Fully Illnstroi ed. S‘<. Cii. ii(d-. 

THE PETROLEUM TECHNOLOGIST’S POCKET BOOK. 

By SIR BOVKRTON RKDWOOP, Bart,., D.Su., &<•,, 

And -VRTHUR KASTLAKK, A.M.l.Mccli.E., &n. 

STSor-!ls OP CONTENTfl.—P art (’enifai Information aliout Pctrolcaira (Origin, 
0(X3urren(X!, Proapo(rt-1^, acquiring Land, Italsing, Storage, Rcfliiing, etc.). PART IL: 
Geological (Identiftcatlon of Rocks, Angle of Dip, Maps. Oil-heariug Areas, Oil per acre, 
Bitwaens, etc.). Part. HI.: Vhy«»cal and Chemical (Sneclho Gri^ity, Analysis of Gas, 
VisixiineUv, Ovlorlflc Valu^llTash Point, Dial.Ulation. (.‘audle Power,'etc., etc.). PART 
IV.: Pi^dncfcion fOrilling, Oitsing Water, llaisme ''Jil, Phnzging, Cost of Drilling, etc., 
intc.j. ; Refining, Transjmrt, Storage and Testing (Tanks, Plow of Gasfn Plp(»i, 

Pipe Lines, Piping, Railway Cars. Ra»5^‘lR, etc., etc.). pAur VI.: Ifw-s (Liquid Fuel, Air 
rexjttired, (hi \ ngmes, Natural Gas, Agpluilt, etc.). P^rt VII.: Weights and Measureg 
(I3m»hslj and Foreign). Part VHI : .MiaceilirjWOtts. Part IX.: Statistics (of Produjticai, 
Asphalt, Oil Shale, Ozokerite, Natural Gas). V- 

" Excellent in every way •. . . the tables and slatlsticB appear L) bo exactly 
those which wil l he^^^most use .’ —EngiupAn-. 

WNDON : CHARLES ORIFPIN & CO., LTD., EXETER^STREET. STRAND. 
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Griffin’s Local (^Yeripent HandbooK^. 

WORKS SUITABI.E FOR rfuNICIPAL AND COUNTY 
BNOINEERi,, ANALYSTS, AND OTHERS. 


For further particulars of the follcwi*.*.,, see Index. 


Civif Engineering .VdCllae. % P. Ndei. Taylor. With over 800 ' 

Tagea and over 1,000 Ihii^tratKma. Cloth. 25s.net. * 

The Main Dpalnage.Jf Towns, liy P. Noli. 'I aylou. Pj). r ii+3t«. 

With over h.'il^Illustrations. 1-2., Otl. iirt. 

Practical Sanitation : A Handbook for .Sanitary inspector.') oti.err 
lly Gbo. Rkui, .M.li., Ji.I’.n. SKVKNTOiKTn EwTioN, 'Ihonrachl.v ttovSed. '... ’’ 

Sanitary Engineering. ]Jy Pkancis Woon, A.M.lnst.C E. Tp'ro . 

EniTJON, llevisi'd. Pj». i-xv + fJOG. 83. Gd. nut , 

Modern Methods of Sewage Purification. liy a. %rrteam 

Kkrsjiaw Engmour to the 8uwat;c Corninissinn. Euily llJnstmlud 2U.net. 

The Prlnclpies of Sewage Disposal. By Prof. IJi'NHAh ol Hamburg. 

Tr}Ujala1"«U.v IT T. C\J.''•.liT, M.Sc. 15s. nut. 

Trade Waste Waters. I’v H. Wilson, M.D., and ll. T. Calvert, 
I’Ji.li Kull> lUii'-tr: 1<''T 1 net. 

Trades' Waste: treatment and Utilisation, 3 >3^ W. Natlou, 

^O..S., A.M liii.t < K. 21 b net. 

Modern Destructor rraetiee. By W. i'. (JoonuK'ii, A.M.inst.c.E. 

Pj». i-V\l J-278 15, iff.. 

Refuse r-irposal. By I’rof. E. I!. M.vitiiews, A.M.J'ist.C.K. Very 

fiilly lllnstnilt'il, (5s net. . 

Water Supply: Selection of Semreew and Distrilmtion. By Kkuinald 
E. >Tini*TvKTON, M.Tnst.O.E., M.Inst Muc'h.E., t'.S.l. ( rown 8vi). f>d net 

Water Analysis for Sanitary and Technical Purposes. Bj 

U. h. STucks, V l.c., Idc iH. (id. net ' 

Calcareous Cements: Their Nature*, Proparatioii, and Uaes. By 

GiLUKUT liencuAVK, Assor Inst 0 E., and Ohah. Si'Ackman, F.C.H. -PiotiND EiUTIOS 
15s. net. 

Handboob»for Cement Works Chemists. Jiy P. B. (i.iTnuoos#, 

K C.S. I's. nut 

Handbook oik Town Planning. By .Itliax .Iulian, B.K. 5s.net. 

- Road Making and Maintenance. By Tnos. aitke.n, A.M.lnat.C.i^*- 

RelOnii EI'Ithi.v V'nlly .lustial.-1. 21... nvt. ' 

Dustless Roads: Tar-Macadam. By .T. WAi.imt Smith. Fully 


llhiatrated. IDs (id. net. 

Central Electrical Stations: Tlicir Dosigu, OrgaiUhatmu, and Manage¬ 
ment l>y G. 11- WOIU)fN«HAM, A.K.f'., M.llist C.K. SKt’oMi ElUTK'X. 24s. net. 
Transformers. l>y Hermann Boiilk. M.l.F E., .iiid Prof. David 

UonKur^inN. JT Su. Pj). i Xiv-f :!.5G Piofnaely JUn-itmted. nut. 

Electrical Photometry and Illumination. B: Prof.Jl. Bom'S!) 

Pp. I’d ^ 222 Profusely Illusti-ited. Iuh. (id. net. ^ 

Eleetricit,y Meters. By Henry G. Solomon, AsSoo.M.Iiist.E.E. In'" 
Medium 8vo, Uandsonif* Cloth. ProfUBcly Tllustrated. IGs. nat. 

Gas Manufacture (The Chemistry of). By W. .T. A. lirTTERFiELi), 

M.A., E.I.i:., P.C.H. With IllnstrHtions. KoCRTH EDitroN, Ruvisud. Vol. I., 
Ta.Gd.net. Vol. TT., nt 

The Calorific Power of Gas. By ■!. n. Coste, P4.U., F.C.8. 
Fuel: Gaseous, Liquid, and Solid, f^y -T. H. Coste, P.I.C., and k. 

ANI’UKWS, I'’. r.O G'. nut 

Smoke Abatement. A Manual fpr .Vkvmifacturers, InspcVtors, 

KnicineerB, and otnuih Jty NiohuLSON. Kni> Illustrated. €s.n^. 


The Diseases of Cattlu, and on the Hyg^ue and Control of Suppifes. By EDWARD F. 
^^^'ILIOUGUBT. M.D., D.P.H. Cs. net. , . , ..r. • 1 Jt 

Flesh Poods: With Methixls for their Chemical, Microscopical, and 
Baoteriological Exaraluation. By C. AISSWORTH MracH*Ll>B.A., F.I.C. Ulus- 

trateii IOb. • , . , . -n \ \xr t» Jk 

Foods* Their Composition and Analysis. By A. WYtmcR Bwrrs, 

^SJc.a., F.C.S., and M. W. BLTIH, B.A.. B#0. SIXTH BDlTioii*. Xhorooghly 

lUTlaed^ _—:_ I. _-_- 

LONDON ! CHARLESJiRiFFIN & do., LTD., EXETER STREET, SWMD, 
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CHARLES omFFm^,ao:s /ublioa^ons. 

In I<ftrge 8vo. Cloth, fp. i-xxui + 27I. V?ith 147 Illustrations. ‘ 
rt >158. net.’’ 

^ A maVtdal of 

THE PRINCIPLES OF SEWAGE TREATMENT. 

By Prop. I)UNJ 5 AU, Diioctor^f tlio Institute of State Hygiene, Hamlfarg. 
Kngush ICdition by HAllUY T. CAl.YsEKT;'M.Sc.^! Ph.D., F.'i.C., 
Chief Cliemieal A'lhiKtsuit, We&t KitUiiji of Vorly^hhe Rivers Board. 
f ABRinUKl) CONTKNTS.—HISTORICAL PRVEIOPMKNT OF TflFABnVAOR l^OBLEM.—GrOWtb 
of River Pollution.—Lt Kal Measures of (’eutral and Local Authonl.ii’s.-tllise and Develop¬ 
ment of Mcthotls of Sowaj'*' Trcatinent.—Rarlier Views, their Object and Utility. PRESENT 
PosiT?ON OP Rewaoe 'I’lUUTMKNT.—The CharactensticB of Sewamx—Olijecta of l*re- 
cipitiition Works.—DeKniition for the Removal of Suspended Matters.—Methods for the 
Itemoval of Piitreseildhty.—The, Disinfection of Sewage.—Supervision and Inspection 
of Sewage,^IMapoHiil Workb.—The Utility and CV»st of the various Metliods of Sewage 
I’roatiQcutIN BEX. 

“ W'e heartily eonuneml the hook as a peculiarly fair and impartial statement of the 
present pttsilmn of the sewage pruldein.”—Lnijcrt. 

lu Metlium 8 vo. Cloth Pj*. i>xiji + obG. With Tables, Illustrations 
in the Text, and ‘-16 Plates. ‘ 21 s. net. 

MODERN METHODS OF 

SEWAGE I»URIFICATIONr. 

A Guide for the Designing and Maintenance of Sewage Puriiication Works. 

By (!. BliKTlIAM KBBSilAAV, t''.n.S.I., i'Mi.M S., F.ii.S., kv., 

Entrineer to llie Royal Commissiuii on Seivage In'.iiosai. 

Contents. — Introduction —Jthstorical —Conservancy Methods, Ac —Sewerage 
Systems.—Rainfall, Sturm Water.—Variations in Flow of Sewage.--Cl.i^'^ifleatlon and 
Con liosit.nm of Sewages.—ConsidiTatioiis to V observed in set-clmg the Site for Sow’age 
l)isiHX-Sil Works.—Pielimlnaiy ITocesse-s.- -Disposal of Sludge.—Ltind 'ITeatmcut of 
Sewage.- ('onlact Bids.—PcnxiUtiug Filters.—Trad'-b’ Wast-os.—Misctllaneous.—Pre¬ 
cipitation Work.sin .Vctual (.ipenition.—iNnr.x. 

“ A l.u'ge an<l conifutdiensive work . . . repUte wiih uifoniiat ui.”—Jenrnaf 

Jloi/alInutitiilr. ___ 

l. 8 argc Ssu. llantlsumi^ Cloth. Pnm. IGs. hot. 

' FIRE AND EXPLOSION RISKS; 

A Hitndbofib of ihc Drti'ct:o>i, JiiucHturotian, and Prcofntion oj Fires md Explosions 

By !m. VON SCllWAUTZ, 

I'niiuslaU'd from the Ilevised Oorman Kdinon by i'. T. C. SALTKK. 

.VnuiM’.RP (D'sincM. (^oNTi.NTs Flies and Uxid'Annig of a (.ener.d Ctuuviete! - 
Inuigt-is ari‘-ing f^om Souret-v <>! i.i^bt and Deal — D tiigerous Gasts. - Ri.sk^- tltending 
Sjieeial Indu.stries ~ Mat- riaN Ein|iln\.‘iJ —Agni-nlliJ»;il I’roiliiets —Fat.*'. Oils, .tnti 
T ..sins -Miieoil OiK and Tiu —Alcohol, Ac. - Metals, Oxides, .teids Al.-L ightning 
Ignitio.. Anpliuncos. T’lieworks. 

“The wuih itIiortD wtalih of iiiftn-niiition on the ehend tn of five "iid kiinlrtMl 
topics. "- -i-'o*! «;/<i 

“ .\ complide anti useful sui vcy of a subject of m ale liUcicst and vital importance. •- 
Oi'Z a)td JiHinin/. 


In HandsoAa Cloth. Pp. i xni 4 255. With 59 Illustrations. 6B.net. 

simioke: abatement. 

A Manual for the Use of Manufacturers, Inspectors, Medical OfHoers of 
Engineers, and Others. 

. wa By WILLIAM NidHOLSON, 

^ Chief .Smoke InBpoctc:* t<i the Sheffield Corporation 
“ We wolcort« such an adequate rA.atement on -.n important 8ttbJect.”—£W<i#A 

HtdicfU Jimmal. __ £ __ ^ 

Scenho-- 

THK M4*N HRAIN.VGK OF TOWNS, . . . pageO. 
BEKC.Sjr DI.SPOSAI,, . • „. „ U. 

i.sii MODERN Destructor PitACTi c^E, . . _^ 

LONDON TcHARLES ORIFFi'n & CO.j LTD., EXETER STTvEET, STRAND. 
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Sboo2<i> Edition. /» JLarg* 8i?o. Maadsom^ Cloth, - 

Muttrated. With Plates and i'TjuNBs in tlX Text. ete. net. 

R'OAB MARlRu ARD MMNTEHANCt 


Jlember 


Ok V «* ja ** * *1 r --- -- - 

/ Practical Treat, ’ for Engineers, ^urvgyo. s, and Others. 

By Ti os. MTKEN, M.Inst.O.E., 

ot the Asuoolatlon <jf<Iunlra|ial and Oonnty Enfjiiiaers; Member of thePanltars 

Inst ;|SurTeyor to the Oonnty Council of Fdo Cuiiar Division, ^ 

COHTEKTS.—Historical Rketch.-Kcsistaiice of Tracttoii.- Laying — 

Barthworks, DroiiiaKC, and Hetaining Walls.—Hoad Mnteimls, ■ 

—Stone BreakiiiK and Haulage.—Boad-Kolliiig and Scavifynig.—J lie Co strii tfoii ol 
New, and the Maintoniince ot existing Eoads.-Carriage tt ays and Hoot I ays. 

•■The Idterary style i. »tt™. A 

S^or In the dS'.! Kingdom:ami Jtevery Colonial Kngineer."- nw .Saremor. 


It is practical Iw 


^ In Hmvkomf. Cloth. Fully Illustrated. 10«. 6d. net. 

■OXJSTl-dJESS R O A R S. 

* TAR MACADAM. 

By J. walker smith, 

City KuglRtcr, Edliibnrgli. 

Si-KsiicV-T«" Htirariig oi Ordinary Maiadam Surfaces -ArraainaKS.-I»i»x. -» 
“The iKiok is in every respect up-to-date “"d '’cry suggcstlie. 
the best scnsejif the term.”—CouiKj/ ami Munu-ipal Jit cm d. ^ 

Ill Crown 8vo* Cloth. Tp. i-xi + IW. With I!.'', lllustiations, Coloured Map, an 1 a 

Cliai't. 4s Oil. net. 

modepEn poad construction.. 

A Practical Treatise for the Use of Engineers, Students, 

Members of Local Authorities, &c. 

By laiANCIS WOOD, M.Iiist.C.E., I'.G.S. 


In Crown 8vo. 


Cloth. l>p. 1-vil + 149. "With lllustra"on8. 6s. not. 

AN INTRODUCTION TO # 

town p1-iaNning. 


A «.ndh»k ‘7 

Bv .TULDAN .7 ULI AN,’'B. B. ^ 

. - o’nwT, Planninc—Moliifioval and Modem Towi|^Plannilig.-j 

COKTraTS.-.tnci('n^ riMhW 5t'ti,„„tios.-l'mctlcal C/siderations i 

Aothoritlcs and V -lovro-Kiannlhg Tour.—AiTiiNDioi:s.-»-lsPEX. 

the preparation ol Toam Ilans.-VJo™ 

•l?Cfrth"t5ares so abS . addition to the Viwn Planner 

lihrary."— Ktirwi/or. _ ____J?- 

LONDON: CHARLES ORIKFIN & CO., LTD., EXETEft STREET, STRANI 
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"■ r E^c H N qTo 01 c a l ' w o r' k s; 

Ohtrbtrv for Enginoert and Manufooturon By B. Blount, F.I.C., and A. O. Bloxam, 
A.I.O. Vol. 1.—^EooND Edition, 148. Vof. 11 .—Second Edition. S6b. 

Olli, Fats, Butters, and Waxes. By Alder Wriout and Mitchell. Seoone EDinoK. 

258. net. « ^ 

Oils, Resins, and Paints (Analysis aift Valuation). By Hakry Inule, D.Sc. nct.^'ls. dd. 
PtiysieO'Chemical Tables. By J. Oasteli.-Evans T<1.C. VoL I.— Chemical Engineering, 
248. nft. Vol. 11.—Physical and Analyticol Chcmifltry*‘lds. net. 

Quantitative Inorganic Analysis. By Dr. J. \V. Mellor. 30#: net. | 

Water Analysis for San. and Tech. Purposes. By If. B. Stocks. 4|. Gs. net. 

Methods of Air Analysis. By J S. Haldani:, M.J).. LL.D. E.K.8. &s. net 
The Principles and Practice of Brewing. By Dr. W. J. Sykes. Third Edition, Bovlscd 
by A. B. LINO, F.l.C. 2Ia. net. 

Technical fj:ycology. Dr. F. Lafar. Second Edition. In Two Vola. Vol. I., 158. net. 
Vol II., Ills. not. 

Micro-Organisms and Fermentation. By Alfred Jmroensen. Fourth Edition, Com* 
pletely itevi&cd. Traiwlatid by S. 11. D.wiKS, B.So. 15a, net. 

Ferments and their Actions. By C. OrrEVBEiMEU. Translated by C. A. Mitchell, B.A. 
I'M.C. lu Cloth. 7b. 6d. not. 

Vinegar: Its Manufacture and Examination. 1*^0 A. MiroiuLi,, B A , F 1 <' '^s.(Hl.nol. 
Peat; Its Use and Manufacture. Hy B.ii'Klinu nn(Hilb^I^<•. Ga. not. 

Commercial Peat; Its Uses and its Possibilities. By F T. tiissiNt!. n r 

Paper Technology. By It. W. Sindau, F.C.S. Si ooni> Em'Uon, Kovia<-d. i:!'- od not. 

Stationery Testing. Bj U. A. Bromlvy. Fully Iilusirul-d. IN (Wl. net. 

The Ctayworfcers’ Handbook. By A. B. Seari.e Siocono !:oi-iion C>.. not.. 

British Clays, Shales and Sands. By A. B, Searle lUabiMlod. 7^. od. m l. 

Ceramic Literature. Compiled, Classillod. and Do^oribcil by M. J.. Solon. 4‘.'m m-t. 

Art d^the Goldsmith and deweller. By T. B. NVToley. Second Fi’iuon 7». Od. m t. 
Smoke Abatement. By Wm. Nicholson. With Ulubtrations. Cs. mt. 

Calcareous Cements. By G. U. and Oiiari.es HI’ackman, Second 

Edition, l.'jb n'^t. 

Handbook for Cement Works’ Chemists. By .['R^nk B. G.atkiujusi'., I'.C.S. in Handsome 
(Hotli. 5s u<'t. 

Gas Manufacture. By W’ J. A. Butterfikld. YuI. j. 7s. m t.'‘Vol. if. Shoniy 
^ lorlfie Power of Coal Gas. By J. il. Co«tk. F.I.C. Gs, m t. * 

Fuel: Gaseous, Liquid, and Solid. ByJ. If Coste and E. it. ANDr.EWv (>■* n-i 
Acetylene. By F. H. Leeds and W. J. A. Bi:ttekvu:li). Second Edition. 8b. 6d. net, 
Fire and Explosion Risks. By Dr. Vos Schwartz, lurioth. Ifis. net. 

Enamelling on Iron and Steel. By Jri.iis GiUnwaid. (loth. llhi.MraK'd. (w. utt. 
Technology of Iron Enamelling and Tinning. By JuLirs (iiu nwald. g^. mT. 

Ihe Chemistry of the Colloids. By Dr. V. P-'SCHL. Translated by Dr. D. Uodhson 
^ 2b. Cd. ni't. 

CoiluioiS’; Its Manttfaebire, Application, and Substitutes. 1 rom tin ITench of Mas.selon, 
itOBLins, and Cillard. By Dr. JL II. Iloixisox. liSs •• f. 

Chemistry of India Ifubber. By C. O. Weblr, Bh.l). T.'ird .‘Mi'KESbioN. With many 
lUustratioQ*. ICs. net. 

The Manufacture of Rubber Goods. By Adolf Meil .md Dr. W. F.sch. Transhitrd hy 
E. W. Lijjris. A.C.G.l. In I’ioUi. IllnstratiMl. los, Ikl. net. 

Glut, Gelatine, and their Allied Prodi'Ct8. Uyf Thomas X.AM>ii'.ia. In I>arge‘Crown 8vo 
Fully illustrated. 5s. m^t. 

Leather Trades Chemistry. By 8. R. Trutsian M.A. F.1 C. Id llandKome Cloth. Fully 
Uluatrated. 15s. net. 

Ink Manufacture. By O./f* Mitchell, B.A., F.I.C.. and T. ('. ^Ei^»'ORTU. second 
E ttS,)N, Reviwd. In Cloth. With Plate.s and*lllustratioua. 
inorganic Chemistry. By A. Dufri. arnj^WiLsow Hake. Third Edition. Gb. net. * 

Elements of CM^nical Engineering. By^T. aRos.sMAMN.^Ph.D. Second Ed. 3s. 6d net. 
Elementary Practical Chemistry. Myers undPFiUTH. 4 . net. 

Outlines of Quantitative Analysis. By A. U Sexton, F.I.C. Fifth Edition. Be ^ *• 

OutHnet of Qualitatij^Analysis. By A. H. Sexton, f.LC. Fourth Edition Ss. Gd. 

LONDON -. CHARLES GRIFFIN & CO., Lto.. EXETER. STREET, STRAND. 



^HEUtBT^T ANf '^BOBmLOOY. . 

THE FE hMEIjTATIOII t INDU^IES. 

^HiRi> Ewtiok. In Handsome CIoA!’ Fully fllnstrated. 218. n^. 

PRINCIPLES ANii PRACTICE OF BREWING. 

KOR THE USE 0«^ STUDENTS AND s nACTICAL ME,' 

* ""....’AUrEK J. SYKES. 

Revised by axRTHUR R. LING, P.I.C., F.C.a, 

-E<litor ofrUie Journal of tho liiBtituto of Brewing. ft 

CONTBNTS. — Riysjoal Principles Involved. —The Chemistry of Browing. — T&r 
Microscope. — Vegetaliie Biology.— Fermentation.—Water. —Barley and M-'tIr*?.— 
Arrangement of Brewery Plant.—Quantities of Materials.—Fenncntatlon.-^n».is'“’‘tlw». 
—Finings.—Characteristics of Beer.—Diseases of Beer.-I nukx. 

“ A thorough and comprehensive text-hook . . . up-to-date ... a siaiK -rd 
text-hook.”—JBreicrr^' Joun\al. 


In Large 8vo. Complete in Two Volumes. 

0 Volume C mplele in lUdj\ and Sold Separately. 

TECHNICAL MYCOLOGY: 

ih^ Utilisation r-f Micro-organisms in the Arts and Manufactures. 

By Da. FRANZ LA FAR, 

Prof, of Fc''ij Dtatlou-P.-j lopy and Bart-rioloKy the Techniral Hlph '’chool, Vienni* 
liiAN-SLATEh JIT CHARLES T. 0. SAI/l'ER. 

Vol, I.-SCHIZOMYCETIC FERMENTATION, l.^a. net. 

VoL II.-EUMYCETIC FERMENTATION. 24s. not. 

N0Ti..--Pjirt I. ot Vol. II. was issued separately at 7 h. (hi. Copies c P.s-t II., 
Vol. II., hare, therefore, hecn hound np to eti;ihle th<-so posseshing I’ait I. to u iU'^ete 
their copies. The price of Yol. Jl., Part II., is 1?% net. • ^ 

“The flret work of the kind which can lay claim to completeneBB In tiie treatment of 
a fascinating subject. The plan is adnurahlo, the elassidcauou sinipK . .e style is good, 
and the teudoncy of the whole volume is to convoy sure information to the reader.'*• 
Lmcft. • 


Fifth Edition.. In Demy 8vo Ileviscd 'rhroiiifhout. I'p. i xi -f 489. 

• \vith 101 Illustrations. lu Cloth. LV. net. 

MICRO-ORGANISMS AND FERMENTATION. 

By ALFRED JORGENSRN. 

TRiNsr.ATED BY S.4MUKL H. DAVIES, M.Sf. 

CoN'UKLTS.—MicToscopical tmd Physiological ExHinlnation—Biological Examination- 
of Air and Water- Bacteria--Moulds—Yeasts-'I'he Pure Culture of YeastH on a Large 
Scale.— Indfx 

"The .student taking up this subject would do well to wor’. tn. mgh t.^8 book firS* 
and then take I, afar h.”—/lreirm '7 3V(r'fe /i/ViVie. , * 

In Crf'wn 8vo, Handsome Cloth. Price 78. *6d. net. 

FERMENTS: AND THEIR ACTIONS. 


A Text-book on the Chemistry and Physics of Fermentath^ Changes, 
• By carl OlT’ENNEiMI*'., Pii.D., M.D. 
tranblateh ry c. ains'-vorth mhvhell, b.a., f.i.c., f.c.s. 


—Introduction.—Definition of Ferment.—Chemical Nature of Foment.— 
Influence of ExUcifa ■’•’actore on Fcmicnta.—Mode of —PhyBlological«A<^on.— 

Secretion of Ferments.—Fenncntf and tijo Vlt4il ProciwN.—A. Thb HyuMLYTio 
Ferkbkts: ITot»x)lytlc Fermente.—Trypsin.—Bacteriolytic and Ha3mo^iK*“l»Toteo» 
lytic Vegetable Ferments.—Coagulating Fermiftts.—Saccharifying Fer^uts.—Animal 
Diastasee.—Ensymes of the DlaaccliarideB.—^I'mnents which decompoffi GlucoBldes.— 
Lactic Acid Fermentotion.—B. »ii'. Oxidimnotermints : Alcoholic Jermentation.— 
|gy of do.—^The OxydaseB.^Acetic. Acalic, and similar Ferment•'tions.—Bibllo* 
.jhy.— IKDIX. , 

“ Such a vei itiible multum in parro hue never yet appeared.’ — Journal. 
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. 00:S IfVBLlCAT^NS. 


, Irf CSoth. Pp. i-xxxi + 778. 3Vith 2 Cplourecl Plateo and 206 other 
niuBtratoije. 30a. net. 

•v A TBEATISE ON 

QUANTITATIVE INORGANIC ANALYSIS, 

with Special Refer'fence t. the Analysis of Clays, Silicates, etc. 

By J. W. MELLOG, D'.Sc. 

I Pact If General ;—lutmduction.—Welphins.—MeasureLmrt of Volumes —Volumetrlo 
AfialyslB.—Colorimetry and Turbidiractry.—Filtration ana Wasldtig.— Heating and 
Diriug.—rulverisation and Grinding.—Sampling.—Tho Kcnconb!. I'aht 11. Tj^lcii 
SHieatt Analyin—Clays. —Volatile Matters.—Opening m> Silioau's.—Determination of 
Silica.—The Ammonia ITccipitate.—Iron.—Titanium.—Calcium and Magnesium.— The 
Alkalies.—Abbreviated Aualyais and Analytical Errors.—Flectro-Aiialygis. Fart III. 
fiisssei, Glaives, Colours, and Comiilex Silicates '.—Analysis uf Glass, GIazei>, Enamels and 
Colours.—PMermination of Arsenic.—Antimony.—Tin.—load.—Bismuth and Mercury. 
—Copper and ('admium—Zinc.—Manganese.—Cobalt and Nic-ktd. Fart IV. Speciti 
Methods —Bases ; Determination of Molybdenum.—Tungsten. Columbium, and Tantalum. 
—Gold and Scleumm.—Aluiniumm and Bci^Uiura.—Special ^Ictbods lor iion-Gompounde. 
—Cliromimn, Vanadium, and Uranium.—Zirconium, 'J'horium, and the ilaro Fk.rths.— 
Barium, Strontium, ('alcmm. and Magnesium.—Alk.alics and their Salts. Part V. Special 
Methods—Acids and Non-Metals .* Carbon.—Water.—Boron Oxido.—Phosphorus.— 
Sulphur.—Tile Ilalogeiis.—lUtiona! Analysis of Claj^.—AI’PBN dices.— iNriOES. 

“'llic l erinnie diemist ha.' wailed niiiuy ye.iis for n llinionah and coinprell^ioivc 
treatise on tin (luanlitative uindysi!' of llie imiterialB with whnli he lias had to 
<1fai. an<1 iiere .it hist is what lie had so bnu' and so urgently lueded."—A'nt«rc. 


In Dt'iiiy 8vo, Cloth. Td. i-xvii -i- 411. With 4 Culouvoil I'lates and 
26S other Illustrations. 15s. net. 

CLAY AND POTTERY INDUSTRIES, 

< Being Vol. I. of the Collected Tapers from the County Tottery 
Laboratory, Statfordshire. 

BY SEVEllAL AUTHORS. 

Edited by J. W. MELLOE, D.Sc. 

*,* For Full List of Contents^ st’ud fo” ^''■*ospci\^is. 
w “ A fund ufiiifovinatnm on v.ined Bubjeew of inipurt.ance to the potter.'—/’efffri/ * 
Gazette. 




In Imperial 8vo. Strongly and Elegantly Bound in Half Leather. 
Enclosed in Case. Tp. i-xviii -t- GGO. £2 2s. net. 

CERAMIC LITERATURE 

Compiled, Classified, and Descrilied by M. L. SOLON, 

^ Piouidciit of the English (’ciaiuic ‘Society. 

Aa Analytical IndeS to the Wurks Published, in all 7.anmripes on the ^Ilsiory and 
the Technology of the Ceramu- Ait; also to the CataloguoH ut Public Museiuiia, Private 
Collections, and of Afiction Sales ni whicli the lifh^'iiptioii -n Oeianiic Objects occupy 
an important place ; and to the iiiosi important Price Lists of tlie Ancient and Modern 
Manufactories of Pottery and P^Tcelain. 

"A work^f inestimable value to all serious study of Ceraniic8.’'-r-J5urnn^fpn 
Jtfoiiaj'tnc. It ^ _ , _ 

In Two Large Volumes, Large Svo, ?^trongIy Bound. Each c.nnjilete in 
it.self and .coM separately. 

" B R XJ E T.T I 

< Coa^^j>hale, &e,; Ores, Furnace Products, Metal Swarf, &c. 

By G. FRAfeK. Translatcrt .ailil BMitod b^F. LANT8BERUY, M.Sc, 

Vol. J.—Pp. i-xxx -i- CSl. With 0 Folding Flates and other Illustrations a<)&. 

‘'ilessi'A. Grifllu & Company have once again rendcicd service to the natlonk'iy ' 

1,S/»}1.., Tl.i.. #4inui^.,» tr. t Ufs ,n■.I^„fuM,^rl.ra' l>l.rn,.v Cottl TrOdeS 


providing this useful^/Udition to tho niauiifacturcr.s’ library. 
^etiew. ' 
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cffmismy AJsr^ fEOffJirowai\ . a? 

\ - -•-' 

•In Med.'Bvo. Cloth,* Pp. i-vfi -p l'/\. With Many TaWes. Os, ^et.^ 

The Theoi^ ax^^^Ppat^ice of 

Enamelling on Iron and SteeL- 

* pv jautrs gkOnwald, inq. 

^ Translated I H. H. Howsso:',* M.A., B.So., Ph.D. 

CoKTKSTS —Intrurtiicu* - ^lic aa\%M!iterlal9 —The Hixii'tr, HjBsolviug, ami Application of 
Enani«-I —Heating anil Pu-. 'je Ooo(!h in tlic E.<nigh —Ciirn-'t laying on —BaU'ng EnamoUed 
Ware.—Decoration of Enaritdffil OPjCcLk --Pboto-Coraimch in tbeir Application t?Euauielic— 
General and hilatibllcal C’lup(f‘r —The History of Enamels ninl their Uses.—I ndex. 

“ Combine.* tlie theory and practice oi enamolling in a most elfi'ctivc manner.’Vlron and BfeA 
Trades' Journal •_ 

In Med. 8vo. Uniform with the above. 6s. ne^. 

The Teehnologry of 

Iron Enamelling and Tinning. 

. Bv JXJLIUb GHUNWALB. 1 )u., Inc. 

^ 'iranslated by H. H. Hodgson, M.A., B.Sc., Ph.I). 

CoNTES'^rf —The liiRfor*'•‘f f> ■...i-cla and thoiv Technology—Eronouitr Signiticance of the 
Sheet-Iron T)naioel!in" Dm- < . —Ciienikal '?cch»oi<*gy of the l*’ii'inM''hi:g Tii'iiisbry—Enamel 

M^nuhictiifo uml the i ..i. (lou of Clay m tlie Enamel — I'm jiie of «.i.-iii- --Thi Examination of 
Kiiaim-l« f<>f Cast ll’oii The Still’''niiig of Enanu-la when ground Moist l>y nionns of Veiiicles — 
Heating and ’‘ick'iiig ot lloiu'’' 1, on Wares —Tin- Fn-liliii!' Pror**8S -Clieiiiiral CoinpoHitiou of an 
Eiuanivl '1 innuig.—Tin‘t'ecoverj -Daiigei of Lead Cuiiipoiinds - Tin Dlbcase—I’roctHlure In at 
Euann 1 Wot;, -Ednciu . .i Training of MaiiagerH for Knainel Wotks—iNU* x. 

"Ti.e ofthi-.i»ooiv . . . has done mm h to put our knowledge oi the snhicct upon a 

RCicntiic hasw.”—Foundry Trade •/(iii.mal. 


Ill Cloth. Pi>. i-xi-t-22.'> (Uniform with the A nthoi’s other Works, 88. 6d. net 

THE RAW MATERIALS OF THE ENAMEL INDUCiRY 

AND THEIR CHEMICAL TECHNOLOGY. ’ 

By .lULIUS GKONWAU), Drt., Ing. 

•Translated by il. 11. Hodgson, M.A., B.Sc., Bli. D. 

f'ONTF.NTB —^'elsiiar—l^iiartz —P'liiorspar or Fluorite—Ol.iy (AUimmo-SiIicatcB), Borax and 
Bone Acid.—Cryolite and its Substitutes and its Fuitctioti.s iu Emimel Manufacture —P; olnsite. 
—Tin Oxide —OtlierAVliite Colouring Agents.—Nickel (>xiiIck.—C obalt Oxide and its f'onipouiiUB, 
—Sodium CarlHuiatff—Sultivetrc. —Potasli. —Some iinportani EuauieUing Pigments.—General 
• Enamel Recipes.—I ndex _ __ 

In Mediiim 8 vo. Ilandsomo Cloth. IlUistrated. Pji. xix + c’'9 . 258, net. 

CELLULOID. 

ITS MANOFACTURE, APPLICATIONS, AND SUBSTITUTES. 

Translated from the French of Masset.on, I'obickts, and Cillaud. 

By H II. HODGSON, M.A.(Oamb.), B.Sc.{Lonil.), Ph.D.(Heidelbe*^ii). 

CoNTKSTS.—Composition, Origin, Pniiierties.—N’itroceliulMSo.—Oommcrclol xMtrution 
Prooe‘..-.es. - Bleachim: of Cellulose —Drying.—Steeping.—StainiKg of Celluloid.- ItoUing, 
Coinpri.bBion. 'uUing and J)i*cs8ing.—Tubes,—Waste,—Analyfuis^i-Mechanical Tests. 

Imlammul'Hily —Precautious in Celluloid \\ orks,—INDEX. 


Secon*' Edition, niorougiily Rovis<-<l. lie-set Thioughoic Iu Large Svn. Cloth. 
1*1. i-xvi+2W>. 'Willi Frontispiece and r>8 otlier Illustrations. 7^0d. net. 

The manufacture of ink. 


A Handbook of the Production and Pnopertles of Printing, Writing, and 
Copying Inks, 

By C. a. MfirTIEI-L, B. 4 ., F.I.C., F.C.S., 0 .T. C. HEPWORTH. 

COSTBOT"*. —Introduction.—Carbon aud Oatbonaceoua Inks.—TanniDj.5C 
Inks.—Nature of Idm,—M anufacture of Iror*- Gall Inks.—Logwood, J^nadium, and 
AaUine Black Inks.—-Colonred..Writing Inks.—E.xainiQation of Writrag Inks.—Barly 
Meth^s of Manufacture.—ManVacture o^VaAlsh —l*tei>anvtion and incorporation cf 
^h^lginent.—Coloured Printlna^nks.—Couyino Inks —Marking Inks.—Safety Inks and 
infers,—Sympathetic Injts.—Inks for Special Purpe^es—EngllM Pate ts.—I ndex. 
“Thoroughly well arranged . . . and of a genuinely practical ovS-'T."—-BttttskPHttU^ 

LONDONTcHARLK'QRiFFIN ^ C0-, LTD., EXETER STREET, STRANOt- 
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CliAitLKS OlilFFI^A-CO.’S ^UBUCA TlOySt 

PAINTS, COLOURS. d/e\nG^ ANb THlTtEXTILE 
« IN!^USTRIES. 

TREATISE ON COLOUR MANOFACToTe (Preparation, Examinstion, Md 
Application of Pigments). By Geor(;e Zkrr and Dr. Rubeni;'amp. 
Engliah Edition by Dr. C.*Mayek, of Burgdorf. Profusely Illustrated. 
308. not. ff '' 

^TS rOR COAL-TAR COLOURS IN ANILINlcl. LAKF^. By Geoeoe 
Zeeb. Translated by Ur. C. MiVEB. In Mediuin 8vo. Cloth. 
10a. Od. not. * 

PAINTING AND DECORATING. A Complete Practical Manual. By W. J. 
1’e\hok. Fourth Edition, Roviaod and Enlarged. Prolusoly Ulus- 
tr.aUA, and with many Plates in Colours. 12s. Gd. 

IDEAS AND STUDIES FOR STENCILLING AND DECORATING. By A. 
Uesaint. In Medium Quarto. With Designs in Colour and Colour 
Scbome. c„ 

PAINTERS' COLOURS, OILS, AND VARNISHES. 0. H. Hurst, F.C.S. 
Fipiti Euitios, Revised and Enlarged, by Noel Hbiton, B.So., 
witli Chapter on Varnishes l)y M. 15. Bl.aokleu. 10s. 6 d. not. , 
PAINTERS' LABORATORY GUIDE. By G. H. Hunsr, F.C.S. In Crown 
8 vo. Cloth. With lllastrations. 6s. 

OILS, RESINS, AND PAINTS. By Harry Inoli:, D.Sc., Pli.D., F.I.C. 
In Thre.o V'olumea. Sold separately. 

• A MANUAL OF DYEING. By E. Kneciit, Ph.D., Cun. Riwson, F.I.C., 
, and R. Loewentiial, Ph.T). Third Edition, Thoroughly Revised 
l.ntl Rewritten. 

SYNTHETIC DYESTUFFS, and the Intermediate Products from which they 
are Derived, By .1. C. Cain, D.So., and J. F. Thoruk, I’li.'i). Second 
Edition, Revised. With 7 Folding Tables. 16s. net. ' 

THE ANALYSIS OF DYESTUFFS. By A. E. I bimiN^^M.Sc. Second 
Edition. 8a. Od. not. 

lilCTIONARY OF DYES, MORDANTS, AND OTHER COMPOUNDS. By 

CriK. R.iwaoN, F.I C.. W. M. Gakiinei;, F.C S , and W. F T.aycook, 
Ph I). InLargoSvo. Cloth, Library Stylo. B.<'i)rintcd. IG.a.net. 
SPINNING AND TWISTING OF LONG VEGETABLE FIBRES (Flax, Hemp, 
Jute, Tow. and Ramie). By 11. U. C.ikti;r. With Plates and Illuatra. 
^ lions in the Text 16s. net. ^ 

THE BOTTON WEAVERS' HANDBOOK. By K. B. Hevi.is. In Cloth. 
J^'ully Illustratod. G.a. net. 

BUYERS AND SELLERS IN THE COTTON TRADE. By H. B. Hevli.n 
With Chronological and .Statistical Chart. 8s. Gd. net. 

TEXTILE FIBRES OP COMMERCE (Occurrenee, Distribution, Preparation, 
and Use ). By W. I. Hannan. In Cloth. With Tllustiations. 93.net. 
BLEACHING AND FINISHING! OPr-CCTTON. By S. R. Tiu iTMAS, M.A., 
and R. L I'iiorp, M.T.Mocb.E. ICs.net. 

TEXFfLE PRINTING. Uv R. Knecht, Vh.D., and J^}. F(it«kroili* 
AVifa 13 Plates an^<sO Patterns in tlic 36s. 

tTEXTlbi: PRINTING. Py C. F. S. Rotiiwkll, F.C.tS. Illustrated, 21s. 
DYEING A>5D CiEANING. Br Frank J. Rakrell, M.Sc. In aoth. 

With VQfllhiatratioua Tuntr Edition. J’nlargod. 5a not. 
BLEACHING AND CALICtJ PRINTIRG. By ®Jeoboe Duerk, Aaaiatod by 
Wm. Ttirnettei,. Cloth. )2s. 6d. ? 
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In edu^ Svo. . Pp. i-xvi + 6m AVithlS Platea - 

and 80\llu9tA,tiorH, tlsO»’86 ffq/RiernB inset in Text. 36s. ftet. 

The PRIHClPLES & PRiCTOE of TEXTEE PRUITIHG 

liv K KNKOH'r, Ph.B.. ant* J. B. FOTHEHGILL. 

^ C(.^^TKXTS.—Part I. lntr</”ctk)n.—Part;*.?!. Mt^ln au rniilhijj.—-Part TIi ■®rt* 

paralioij of Clotl* f<>r ^''”ti _ —J'arl. H'. Picparatioii of i liiiting Colours.—* P „t T. 
'Ircatmeiit «*f Goods affcr i '•iniiK.—Part VI. Mordants -T'Ot VJl. Stylesof Printing: 
ft.) Direct; (t) !):^d i7c) li so'nblc Azo-Oolcmr; (d) Di.^c’ arge; (r) K^ist tr Reserve; 
(f) KRised; (/;) I’unting ot r,iiiings; (A) Metal PHiitnig; (») Crep^m or ‘‘('rimp."— 
Part Vlli. j>f J'nnted Cali-oes -Part IJi. AVool ami Half 'Vool 1 intingj|r 

Part X. Silk ami Half Silk Printin'^. Indkx. v 

" This imfiortant lioe^k . . . Dlls an admitted gap in textile liteiQtu' . 

^ery systematic.”— Journal ot .S’ocWtf oi Dyers and ('oiotirisls. ^ 


In Medium 8 vo. Handsome Cloth. Pp. i-xi + 347. WilU 131 
0 Illustrations. ICa. net. 

THE BLEACHING AND FINISHING OF COTTON. 

.^v S. a. J KOTM o' , d.A., F.I.C., and K. L. THORP, M.I.Mkch.E. 

('oNTKNi-i —Stnu'Hn ** of Cot t' '> Fiiiiti.- -Ccmatitneiita of Cotton Kiln e. —Cotton Testing, 
-x-arbolivdiatt 1 .—VVutei.- i..u i.iui m Plfaclmig.-' otton Piece Goods—Steepitig,— 
Transini'i'-** H cf CU.lli ’ Iknli Doiltm;-Soap.-Soaji Making.—Orgiudc S< Ivents.— 
J{i:jrp..- . g Mai-liii'- ', — flleuclnng and Tlie.uinng Powd(!i'.—ftleaeiong and Souriffg 

[tparatiis.- Hodi.im Jlypochlonte and ICleoJrolytic lileachlng SoUitMii'i.—Othei Bleach* 
uig Agents - Somiiig Acids and 8<turing Aiiparatua —ProcesscB.—f^okmrej Goods.- 
StaiivR and Diacolouintions—I'mihliinp and Materials l'Hcfl.--MaiiuUiiir, Di-ying, antii 
Comlitioi'.ir -Stitfcmng and MangU-s —.'Vuxilsary Machines and Proccssc.s.- Stcntl^s.— 
Beetling.—Caleudering.-Fmisiiing I’roocsijcs.-IK1>KX. ^ ^ ' 

“ Deserves the attention of jn'iuti'-al bleachers, and ve can reconmunft it to them 
with confidence TettUc Mercvni. 


In Mcditan 8vo. Cloth. Pp. i-xvi + 300. With 101 IIIuHtratione. ‘ 

^ ICs, net. 

THE SPINNING AND TWISTING OF 
VEGETABLE FIBRES 

(FLAX. HEMP, JUTE. TOW, & RAMIE), 

A Practical Mat.uai of the most Modern Methods as applied to the Hnch/hig, Carding, 
Preparing, Spinn.iig, and Twisting of the Long Vegetable Fibics of Commerce. 

By HERBERT H. CARTER, of Belfast, Ghent, atid Lill^ 
roNT±.:<TR.—-Ixing Vegetable Fibres of Commerce.—Rise and of tlic flpInolDg 

Industry.—^Itaw Finre Markets and Purchase ol Matcuals.—Stoiing and Preliminary 
Oi;»er:il;o»>s of Patching, Softening, Iviuflng, Breaking, and Cnttmg.—Hackling by lland 
and Machine, C<;st and Spenl of Sfaciiming.—Sorting, aifil Management of Hackling 
Dept.—Pri‘Hrin„ l)i*p«rtnuti},. —Sliver Formation, -row ('ardmg arid Mixing—^Pro- 
paring, jiraw’ng and Doublmg, and Tow Combing—Gill Spinning.— Rope Yam.—Binder 
Twine.—Trawi Twine and Slioc Threads.--The Flax, Hemp, ‘’nte, and Ramie lloving 
Frame - Cry and l)omy-SecS|tmnmgof Flax, fTcinp. Jntc. an<l l^jimie.—Tlic W/’t Spinning 
of Flax, IlcmiJ, ' nd liamic Yarn*.—Flax.^llemp, .Tutc, and llamie Spinning.— 

Yam Rvcling, Wtaalmg Drying, Cooling, an4 BimdMng.—Manufacture i>rrhrcad8. Twines, 
a'ld Cords.—Hope Mpkmg.--Wci'.:'it of Hopes.—-Mfchanical Dejiartmcnt: Hepairs.— 
Fluting.—Yfackle.-Scttlug.—Wood Turning.—OUs and Oiling.—Mill Construction ; 
Heating Lighting. Ventilation, and HuiniiUffti^wn.—Boilers, EnginflP. etc.—^Power 
Transuiission^^finLX. • ^ ^ ^ 

i The WHOLE SU-BJEOT la 1LK11AUKTI'’RLT ANP AllLY DB.ILT WITH bSjj^jfCaSter, an% 
tholcfterpre-.^ is illustrated by an abundanub of exceli.ent VhKfj^fr, . . Tho 
book is THE WORK OP A T^iiNlCAl. EXPERT, call put his knowledge i|fo plain English, 
apT it is WORTH the ATTENTION or aLI. ciwncd with the industries treated oV'^The 
■ Dyer and Cafwjo larder. 

IONDOnT CHARLES QRIFFIN & CO., LTD., EXETE^ STRElilTsfRAND. 




3i CHARLElfamFFlN PVBLfCATIONS. 

A TEXt-BOO^< OF BHYSIGa 

By 3 . H. PpTliWv''N&, Sc.D., F.K.S., 

T^'ofessor of Physics,*• liinningbam University, 

And" Sir J. J. THOMSON, O.M., M.A., 

Protesaor uf Experimental Physics In the (University of Cambridge. 

In Five Volumes. Lar^e 8vo, Sold Separately. 

iKiaoDVOiORy Volume. Fifth Ewtion, Kevisod. f FnUy Illustrated. 

lOs. 6d. " ' 

PROPEiRTIEiS OP IVXiL'ri'PR. 

OoNTCKTS. — Gravitation. — Tbe Acceleration of Gravity. — Elasticity. >- Stresses and 
8trains.>>-1‘orslon.*>-BeQding of Kods.~BplraI Springs'>>('oIlision.*>C^mpressibiUty of 
Liqaids.—Pressnres and Volumes of (Haes—Thermal EBecls Acconipanylng Strain - 
Oamllarity. —Bui^wce Tension.—Laplace's Theory of Capillarity—iiiffnsiou of Liquid.— 
Dtffnslon of GastA.—Viscosity of Liquids.—I kpbx. 

** We regard this book as quite Indispeiisalile not merely to teachers but tu physicists of every 
grade above the lowest."—l*nn>«r«i«y OorretpondeHt. 


VoLUMK II. Sixth Edition. Fully Illustrated. Price 8s. 6 d. 

S O U N I>. r 

OoHTKUTs.—The Mature of Sound and its chief Charactert» tt» »" ^ 'he Velocity of liioand 
to Air and other Media.—Keficoilon and Bafraction of SouDd.<)iii¥rcqaency and Pitch of 
Notes,—Besonance and Forced Oscillations —Analysis of Vibrations.—Tbe I'ransverM 
yibratlons of Htretcbed Strings or Wires —Pipes and other Air Cnvltlos.—Bods.—Plakn, 
-Membranes.—Vibrations maintained by Heat.—Sensitive Flames and Jets.- MuideeV 
Sand,—The Saiierposition of Waves - Indi x 

“ The work . . . may be recommended to anyone desirous of posseBslng an bast 
vr-TO-DATK Etandaru Tkbatisk on AcoQRtlos."—Aifsrature. 

Volume'UI. Fourth Edition, Revised. Fully Illustrated. Price 16s. 

HEAT. 

CONrRNTS.—Xeinperatuie.—Expansion of Solids —Liquids.—Ga8eB, — Cl--alutlon 
and Convection.—Quantity of Heat; Siweifle Heat.-Conductivity.—-torms of BncrKy ; 
Conservation; Mechanical Equivalent of Heat.—The Kluetm . heory —Change of State, 
Liquid, VaiKiur. —Critical Points —Solids and Liquids.—Atmospho ic CoudlLions.— 
k .^^tion —Theory of Exchang««.—Radiation and Teniiierature.—Thermodynamics.— 
Ist^luual and Adiabatic Changes.—Therniodyimmlcs uf Changes of State, and Solu¬ 
tions.- Thermodynamics of Radiation.—I ndex 

"Well up-to-date, and extremely clear and exact throughout. ... As clear at 
would be possible to make such a text-book ”—^'atnrp. 


Volume IV. In Three Parts—T wo Bound Volumes. 

ELECTRICITY & MAGNETISM. 

PARTS I. 6^ II. In Cloth. Pp. i-xiv + -i-lC. Pricu 10„ Id. 

STATIC EL^tTRIGITY AND MAGNETISM. 

CONTEN'ra.—Common Phenomena.—(Quantity of Electriflavtion.—"Inverse Square” 
Systems.—Electric Strain produced in a fic-ld.—Force on a Small Charged Body in the 
pjeld—Potential.—Energy in Electrified Systems.—Measuring Potential and Capacity. 
—Dielectric, Specific Inductive Capacity, Besidual Effects.—Spec Ind. Capacity and 
B^b^tivc lodi>x.—Rtress in Dielectric.—Alteration in Diricctric under Strain.—Pyro 
and Ple7.o-elccU ,lty.—Magnetic Actions.—Molecular Hypothesis of Magnets.-Magnet* 
other than Iron.—Inverse Square Law.-^Magnetic Fields.—ladubed Magnetism.— 
pirmeal'lbty.—Measurements of Suscoptibility and Permeability.—Terrestrial Magnetian. 
—Magftetism'yid Light.—I ndex. o 

"TliP stiiiAont of Phy‘*ics has v..J’to know of its ex-etcnce and its ae^hoiB in order to 
jt '■ Aftijefnewf Timet. 

^ PART III.—la in the Press, 

VOLUME V. Z. I Ci ik 1—Is in 'Preparation. 
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